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SUMMARY
The first part of this research work was the 
investigation of Galvanostatic pulse plating of copper 
and copper(I) halides from acid copper(ir) halide solutions. 
The general stoichiometric equation for the reaction which 
occurs during the relaxation time was found to be
Cu^^ + Cu° + 2X“ -----2 CuX E(l-10,p24)
Further study showed that the rate determining step 
of reaction E(l-lO) involves CuCj^ in a first order reaction
= kcuCl+ [cucid E(3-38.p174)
It is discovered here that the galvanostatic pulse 
plating technique has a great potential in the production 
of Cu°/CuCl electrodes. These electrodes can be used in 
sea-water batteries. Control of the pulse plating conditions 
can produce electrodes of almost any desired composition 
of CuCl in the deposit of any required thickness and 
discharged capacity. The presence of a small amount of 
copper in the layer gives the electrodes conductivity 
which is an advantage for such electrodes.
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The second part of the research involved studies 
of the electrodeposition of copper in electrolytes with 
and without 'addition agents'. It was found that the 
bright deposits obtained using solutions containing 
brighteners (dimethyl thiourea or thioglycolic acid) 
could consist of either small or large grains,instead 
of only small grains which had been frequently observed 
by others.
It was also found that those addition agents which 
gave bright deposits were easily oxidised in sulphuric 
acid.In the same sweep range (-72mV to -350mV vs SCE) 
the addition agents which did not give bright deposits 
did not oxidise significantly.
A postulation of the involvement of the brighteners 
is suggested. As the disulphide of dimethyl thiourea 
or thioglycolic acid could have been reduced during the 
deposition of copper, there are probably two electro­
reduction processes taking place in solutions containing 
brighteners.
-  3 -
CHAPTER 1
INTRODUCTION
PART f l - l )  Ind su triai Copper Eleetrodeposition Process.
Copper eleetrodeposition from acid copper sulphate 
solutions is extensively used in the industry e.g. for 
building up surfaces where the mechanical loading is 
not too high, production of electrotypes and printed 
circuits boards.
The copper electroplating process may be given as 
follows :-
(1) Racking or wiring.
(2) Pre-treatment ie. polishing, barreling 
and cleaning process.
(3) Electroplating.
(4) Post-treatment, including final rinsing 
and drying.
(5) Unloading from racks or wiring.
In an automatic plant, stages 2,3 and 4 are 
incorporated within one unit. The jigs or racks are 
conveyed to or from the plant with an automatic loader 
and unloader respectively.
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The cleaning and electroplating process are 
the most important steps in the metal electroplating 
in general. Thus both of these processes will be 
discussed here.
The cleaning sequence can be summarised as 
preliminary cleaning, water rinsing, cathodic cleaning, 
water rinsing, acid dipping and water rinsing.
Preliminary cleaning or degreasing involves 
the removal of heavy oils, greases and soils from 
electrodes to be plated. In this process, the 
electrodes are immersed in a solvent vapour of 
trichloroethylene or perchloroethylene. The solvent 
vapour container is provided with heating elements 
in the base and a cooling coil round the top. This 
arrangement allows the solvent vapour to be recycled 
back to the base.
The cathodic cleaning process effects the 
removal of residual oxide or grease films. This 
process involve the use of an inert electrode as
-  5 -
anode and the electrode to be cleaned as cathode.
The two electrodes are immersed in a cleaning 
solution which is commercially known as Activax.
When the system is switched on, the hydrogen gas 
thus evolved, has a scouring effect upon the 
surface to be cleaned.
Hydrofluoric acid (2.5# vol/vol in water) 
and sulphuric acid (0.5# vol/vol in water) are 
used in the acid dipping step. This is carried 
out to ensure that any alkaline film present after 
the previous step is neutralised.
Electroplating is carried out in a glass, 
plastic or rubber lined tank. The process is 
usually carried out at room temperature but it 
may raised to 313 K if fast deposition is required.
The maximum current density used at room temperature
—  2 —  2is 5 A dm" and l6 A dm" at 313 K. The composition
of the solution is copper sulphate 200 g dm" ,
— 3 — 3potash alum 12 g dm" and sulphuric acid 56 g dm" .
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PART(l-2 ) REVIEW OF PREVIOUS WORK 
Sect (1-2.1)
Electrochemical Reaction of Copper In 
Acidified Sulphate Solution.
Copper deposition from acid sulphate solution 
occurs in consecutive steps.^ They are namely,the
ion transfer across the electrified interface,
i.e. the charge transfer reaction surface diffusion
of adions to steps and diffusion along steps to
kinks.
The mechanism of Copper deposition in acid 
copper sulphate system was studied by Mattsson
2
and Bockris using a galvanostatic pulse technique . 
They suggested that the mechanism involved the
foilowing steps.
Cu^* + e Cu^ E (l-1  )
Cu"" + e Cu® E( 1-2)
The two step mechanism was confirmed by Peter 
and Cruse?* using a chronopotentiometric technique. 
This involved the measurement of the potential­
time variation at a working electrode during a 
short period of exhaustive electrolysis carried out
-7 -
at constant current and under linear diffusion
4
control. Hibbert,Sugiatro and Tseung using the 
same galvanostatic transient method as Mattsson
5
and Bockris, and Brown and Thirsk using a rotating 
disk electrode also agreed with the above two step 
mechanism.
2 6 7Bockris and co-workers, ’ ’ have concluded
2+from investigations carried out on the Cu/Cu 
system in acid solutions that the rate determining 
step can be either due to a charge transfer step as 
E ( 1” l>p6 ) or surface diffusion of adatoms or adions 
This was found to have depended on current density 
and types of surface preparation used. Fr<wi all types 
of surface preparation used, it was concluded that 
the reaction is controlled by a surface diffusion 
process at low current density with the exception 
of surfaces obtained by electrodeposited copper 
where reaction control was shared with a charge 
transfer process. On the other hands when high 
current density was used,it was concluded that
-  8 -
reaction control is mainly due to a charge transfer 
process.
g
Slaiman and Lorenz used a galvanostatic double
pulse method to investigate the kinetics of the 
2+Cu/Cu electrode system. They stated that the 
mechanism of the anodic dissolution and cathodic 
deposition would take place in three consecutive 
steps. The first step in the cathodic deposition 
process is the reaction shown in equation E(l-l,p6)
The second and third consecutive steps are as followings:
Cu* + (1 - V)e ^ — * *'"1^ E (1-3 )
Cu%^ + Ve- Cu E (1-4 )
The rates of reaction are that reaction E(l-3) and E(l-4)?E(l-l)
and 0 '< Vci. They also suggested that the mechanism
2+at a polycrystalline Cu/Cu - electrode is not 
markedly influenced by surface diffusion processes.
In other words, at ^ >  - 5mV, the direct charge 
transfer will take place at growth sites, e.g. kinks 
or screw dislocations.
-  9 -
Hurlen and co-workers^ in 197Ô reported that 
the fast Cu/Cu^ metal ion-transfer step reveals 
itself in the "Superpolarization" which appears in 
galvanostatic transients. Superpolarization is a 
peak occuring in the galvanostatic overpotential 
vs. time curve at the initial stage of the transient.
The peak overvoltage numerically exceeds the final 
stationary overvoltage. They also claimed that the
Cu/Cu^ step is kinetically accessible besides the
+ 2+ slower Cu /Cu step.
Karasyk and Linford^^ investigated the kinetic 
parameters for copper deposition on clean and "soiled" 
electrodes, using a galvanostatic method. The"soiled" 
electrodes are the electrodes containing film of 
stearic acid and paraffin oil. These electrodes were 
prepared by means of an evaporation technique. The 
electrodepositions were carried out from an acid 
copper sulphate solution and on flat plate copper 
electrodes. They found that the mean values of the 
cathodic transfer coefficient ( ) and exchange
current density were 0.57 - 0.02 and (11.4 1 3*2)10“^Adm”  ^
respectively for cleaned electrodes. These results are
- l o ­
in agreement with those reported by Mattsson and 
Bockris. For the soiled copper electrodes the 
values of a^ was found to be about 0.3. The 
exchange current density for the freshly prepared 
soiled (stearic acid) electrodes is higher than 
those for similar cleaned electrodes. Those non 
freshly prepared soiled electrodes (i.e. The film 
of stearic acid or paraffin oil remained on the 
electrode for 24 hour before the experiments) have 
exchange current densities which are close to those 
for clean electrodes.
They also reported that the typical values of
—  2 —  2the double layer capacitance were (50-60)10“ Fm“
—2 —2for clean electrodes and about (7 - 26) 10 F m for 
soiled electrodes. They suggested that this lowering 
of the capacity probably facilitates the transfer 
by making "leakge” of charged ions through the 
capacitance easier.
2
Bockris and Mattsson found that the mean values 
of the double layer capacitance were (78 - 6)10“  ^Fm”  ^
for the copper electrodes used in the same acidified 
cupric sulphate solution as the above authors.
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The values for He-prepared (i.e.copper electrodes 
prepared by melting in helium) and electrodeposited 
electrodes were not found to be significantly 
different. The reason given for the standard deviation 
from the mean of about 10# was there were some 
difficulties of taking tangents of,the overpotential 
at time t,r) ^ vs. t curve, at limitingly low over­
potentials .
g
Slaiman and Lorenz found the values of double
layer capacitance and adsorption capacitance of copper
electrodes in sulphate solution. The adsorption
capacitance is related to adsorbed intermediates
in the overall reaction, in this case to adatoms at
the electrode surface. They found that the*adsorption
2+capacity* was slightly affected by Cu concentration 
but remained dependent on electrode surface treatment. 
The electrical double layer capacity of the electro­
deposited copper electrodes was also found to be 
different from the group of different types of polished 
electrodes whose electrical double layer capacities 
were not significantly different from each other.
- 1 2  -
Examples of the cathodic values of the double layer
capacitance found were (50 - 5)lO“^Fm“^ and
(27 - 3.5)10"^ Fm“  ^for the electrodeposited
electrodes and the mechanical polishing electrodes
respectively. The values of the adsorption capacitance
of the above electrodes were found to be (l35 - 26)lO“^Fm“  ^
and (55 - 8)10"^ Fm"^ .
The values of the double layer capacitance of 
copper electrodes observed by the above authors show 
that their values are greatly affected by the surface 
treatments of the electrodes.
In crystallographical and morphological studies
on copper deposition Pick and his co-workers^^
found that the surface geometry of the deposit was
independant of plating time and that the scale of
the surface features increased with time. The
orientation and the purity of the cathode affect the
initial mode of growth of deposits. Okada and Magari*^ 
agreed that the orientation of the cathode affect
the copper deposit.
- 1 3  -
13
Damjanovic and co-workers investigated copper
deposition on single crystal planes. They found that
the deposits on the (III) plane had the shapes of
triangular and hexagonal pyramids,at low current
— 2density (i.e. less than 1 Adm“ ). At a higher current
—  2density (i.e. greater than 1 Adm“ ) it was found that
the triangular and hexagonal pyramids transform into
blocks and larger hexagonal layers. On the (llO) plane,
ridge types of deposits were found to have developed
—  2 —  2at all current densities (i.e. 0.2 A dm” to 3 Adm” ). 
The observations were carried out up to an average
thickness of the deposit corresponding to 10 coulomb
^  -2 Cm
They also found that the morphology of the
—  2deposits obtained at 0.5 A dm” did not deviate 
markedly at different concentrations of solutions. 
The concentrations used were 0.25 mol dm” and 1 
mol dm” copper sulphate in 0.1 mol dm sulphuric 
acid.
14Cameval and Cusminsky observed that the 
morphology of the copper deposited on (OOl) copper
surfaces was of similar overall shape and had
epitaxial growth at an early stage of deposition.
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The shape was mainly square pyramid or square block.
The solutions used were simple acidic copper solutions
(i.e. sulphate,chloride and citrate) and the current
— 2density used was less than 2 A dm” . The morphology
of the deposits obtained, at higher current density 
— 2(i.e. 5 A dm” ) or from the complex solutions,
deviate significantly. The shapes were of spheres, 
cauliflowers,dendrites,boulders of certain geometrical 
shape and nuclei without any characteristics.
Benn and Walker*^ studied the effect of the bath 
temperature,and current density oh copper deposits 
from an acidified copper sulphate bath. They observed
that the grain size decreased as the current density
—  2 ••2increased (in the range of 1 A dm” to 6.5 A dm” )
at constant temperature. At constant current density,
the grain size increased as the temperature increased
(in the range of 273 K to 353 K). They also found that
there is a strong correlation between a high hardness
and a small grain size or factors which produce a
small grain size. One of the earlier theories which
has been proposed to explain this relationship is
that the hardness was connected with the grain size
- 1 5  -
and,for a given grain size, differences in the 
hardness could be due to different packing within 
the crystal lattice. Another theory explained 
that a small grain size produced many grain boundries 
which blocked the slip planes along which deformation 
of the crystals would normally occur.
- 1 6  -
Sect:
1-2.2 Studies of Copper Reactions In Solutions 
Containing Halide Ions, And Copper Halide 
Electrodes.
It is a common practice to add chlorides
(Nacl or Hci) to acidified copper sulphate
electrolytes in copper refining processes. The
chlorides are used to precipitate silver ions in
the electrolytes and to minimize the codeposition
18
of antimony and bismuth with copper.
Yao suggested that the chloride concentration
used should be from 0.01 to 0.05 g dm" . Chloride
is also used as an so called "addition agent" in
20
electroplating of bright copper deposits 
Investigations of the effects of chloride ions
on copper deposition has been carried out by
18,19.21
several authors .
21
In 1944 Yao, found that an increase of chloride 
concentration at low chloride concentration resulted 
in small increases in cathode polarization, hardness 
and a large decrease in grain size. However, at
- 1 7  -
_ 3
chloride concentration greater than 0.015 g dm" 
cathode polarization and hardness decreased
sharply with concentration. Also the grain size
was observed to have increased. Acidified copper
sulphate chloride ion solutions were used in
his experiments.
22
In 1952, Beaver patented the use of chloride 
for bright copper plating in an acid copper bath.
He recommended that the range of chloride concentra-
_ 3
tion to be used should be from 0.001 to 0.015 g dm" .
23
Mosher suggested that in order to avoid 
obtaining coarse deposits in electrorefining
_ 3
processes 0.002 to 0.035 g dm" of chloride ions 
should be added to precipitate silver. There is 
little agreement among different authors regarding 
the range of concentrations of chloride to be used. 
This is probably because it depends on temperature 
and on concentrations of other bath constituents.
The effect of chloride may be markedly modified 
by the presence of other addition agents. It was
- 1 8  -
1Aobserved by Gauvin and Winkler that the 
addition of gelatin to a solution containing 
chloride should be considerably increased powder 
formation of the deposit. They suggested a hypo­
thesis to explain the addition agent effect of 
chloride in deposition. The hypothesis is that a 
small concentration of cuprous ions is always 
available to react with chloride ions due to the 
following reaction between the copper electrode 
and copper sulphate solution:
Cu2+ + Cu:s=: 2 Cu^ , Ë (1-5 )
As a result, at a concentration higher than 
some critical value, (i.e. O.OO89 g dm"^ Cl" in 
0.5 mole dm" copper sulphate solution) cuprous 
chloride precipitates in colloidal form since it 
has had no time to grow into a visible precipitate 
during electrolyiss. The colloidal cuprous chloride 
is then adsorbed by the deposit and therefore acts 
as a mild addition agent.
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They also observed that a grey cuprous chloride 
film formed at the anode at chloride concentrations 
of 0.1 g dm” .
24 2*5 26 27Bartlett, Cooper and Stephenson » * * studied
the anodic behavious of copper in HCl solution without 
+ 2+any Cu and Cu ions being present initially by both 
electrochemical and optical methods. They reported 
that immediately after electrolysis began on anode
layer grew until it was completely covered. The
24layer was of Cu (I) Cl by the reaction:
Cu + Cl”   CuCl + e” E (l-6 )
and grew to a thickness of 10“^cm. In the steady 
state, the rate of the Cu (I) Cl layer formation 
reaction was equivalent to the rate of layer removal:
Cu Cl + Cl”  ^  Cu CI2" E (l-7 )
and the overall reaction was
Cu + 2C1” c-Cu Clg" + e” E (l-8 )
2+The formation of Cu ions was also detected 
in the solution and the entrance into solution of
- 20 -
2+  -  27
Cu and the Cu Cl2 complex were observed.
2+
It was suggested that the Cu ions went 
directly into the solution through the pores in 
the Cu(l) Cl layer.
The corrosion of copper in solutions of
28,29
copper ( 1, ) chloride was studied by Hurl en. He 
found that layers of copper (1) chloride were 
formed which subsequently dissolved giving 
soluble species such as Cu CI2
28 . _
Hurlen also suggested that the anodic 
dissolution and cathodic deposition reactions of 
copper in acidified Cu (I.) Cl solution were 
diffusion controlled. The reactions were found 
to obey the relationship.
V = E r  + ( ) In (1 ± ViL> E (1-9)
where V = electrode potential vs. S.H.E.
E p = The reversible potential of copper 
in electrolyte "vs. S.H.E
- 2 1  -
2
i = current density A/dm
2
ij^ = Limiting current density A/dm
The experiments were carried out with a
—  2current density of less than 1.0 A dm" •
o 2 A
Bonfiglio et al agreed with Hurlen that
the anodic dissolution of copper in acid chloride 
media is diffusional in character. They concluded 
that the slow cuprous chloride complexes transer 
towards the bulk is the rate determining step.
This is partially in agreement with Cooper and 
Bartlett^^ who suggested that diffusion of the 
CuCl^" complex is the rate determining step.
39Braun and Nobe used a model, which assumes 
the formation of a CuCl film on the copper surface 
and diffusion of the chloride ions to the electrode 
as the rate determining step,to interpret their 
experimental data. They calculated that the values 
of and ( complexation constants) were 6.6? x 10 
and 1.8l x 10^ respectively. They concluded that
4
- 2 2  -
in solutions with Cl" concentration of less than
— 3 —0,7 mol dm" , the complex, CuClg" , is dominant,
while at more concentrated chloride solutions,
2“
CuClg is the main complex formed. It can be seen
that most investigators have agreed that the copper
anodic dissolution process in chloride solution
is mass transfer rather than activation controlled.
Different anions species (Cl",CuCl2 and CuCl^) have 
been proposed by different investigators to be
involved in the diffusion controlled rate determining 
39step. This shows, it is difficult to completely 
understood this reaction since different chloride 
complexes are involved.
30Tseung and Mahmood investigated tha possibility 
of using an integrated chemical-electrochemical method 
for the recovery of copper from dilute solutions 
containing chloride and cupric ions. Their results 
showed that higher efficiency and rates in the 
recovery process were achieved.
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The kinetics of copper (II) reduction in 
chloride media with and without the reducing agent
4
Na^ SO^ were studied by Hibbert, Sugiarto and Tseung , 
The results showed that, in the presence of chloride
and sulpftdde ions, the Cu Clg" complex was formed.
In the cathodic process, it was reported that the
rate determining step was the reduction of the
Cu Cl g ccxnplex. Anodically, the slow step was the
oxidation of Cu Cl^". It was observed that the copper
deposited at the cathode, in the chloride solution,
without reducing agent dissolved chemically at PHI.
The reaction suggested was that the copper deposit
reacts with chloride ions, to give copper chloride
complex [i.e. reaction .E(l-8,pl9) ]
Copper (I) chloride is used as a cathode for
31reserve sea water batteries, which may be 
fabricated by mixing copper (I) chloride, an 
organic binder and graphite.
32Margalit investigated copper (I) halide/ 
sulphur mixes as cathodes for seawater activated 
cells: chloride, bromide and iodide were the
- 2 4  -
halides used. He concluded that Cul/sulphur 
pellets were the most promising materials among 
the halide-sulphur mixes. This was because the 
chloride/suplhur pellet disintegrated and the 
bromide-sulphur pellet changed colour indicating 
a chemical change during temperature and humidity 
tests.
A method of manufacture copper halide
electrodes by direct reactions at a copper
electrode using galvanostatic pulse technique
33was described by Yeow and Hibbert. The 
reactions involved are the two step electro­
chemical reaction of copper plating as shown in 
equations E(l-1,1.-2,p6 ) and the chemical
reaction involving copper,halides (X) and cupric 
ions in the plating electrolytes.
Cu^+ + Cu® + 2 X  K- 2 CuX E ( 1-10 )
The electrodes made using the method may 
be more conducting, have a known discharge 
capacity,strongly binded and ultimately be more 
economical.
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Copper deposits containing large amount of
iodine, deposited from a cuprous iodide bath,were
34described by Schlotter. He reported that the
concentration of iodine in the deposit increased 
with current density,with a concentration as high 
as 0.63 per cent. At this concentration, the lattice 
constant increased from 3*8o4 to 3*609^A, The deposit 
has the interesting property of being photosensitive, 
turning from red to blue on exposure to light.
35Winkler and co-workers found that bormide and
iodide added to sulphate baths have similar effect 
18as chloride on the deposits but less pronounced.
36Mayanna investigated the mechanism of the
dissolution reaction of copper in acidic solution
with and without the presence of iodine ions. The
results obtained in both cases were consistent with
2
the mechansim proposed by Bockris except in the 
presence of iodide ions, the rate of the dissolution 
is decreased. The anodic Tafel slopes obtained for 
copper single crystal planes in the absence and
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presence of iodide ions were the same. They 
suggested that this indicates the mechanism 
of the dissolution reaction on uninhibited and 
inhibited copper single crystal planes in sulphuric 
acid is the same.
37Nageswar studied the electrodeposition 
of copper on a copper single crystal (III) face 
in the presence of bromide ions. It was found 
that the pyramidal growth of copper deposited on 
Cu(lll) from an acid copper sulphate bath without 
bromide ions. The pyramidal growth became truncated 
pyramids and transformed to a layer growth which 
gave rise to ridges and then to a polycrystalline 
deposit when bromide ions were present. These 
transitions of the surface features were in
parallel with the increaments of concentrations
— 3 —10 — 3of bromide ions from 10" to 10" mol dm" .
The transition from one type of growth to another
was more gradual at high current density (i.e.
1,1.5 and 2Adm"^).
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Sect (1-2.3)
Studies of the Role of Addition Agents
in the Electrodeposition of Copper.
The discovery of bright plating led to considerable 
savings of production costs in thé field of electro­
plating. In particular, substantial savings in cost 
and effort have been made since a good deal of the 
hand finishing previously used can be eliminated.
The early history of bright plating has been 
reviewed by Rubinstein^^ and by Henricks.^^ The 
discovery of brighteners used in various plating 
baths was accidental in some cases, and in others 
it* was the result of small scale trial and error 
experimentations.
Henricks^^ reviewed serveral theories proposed 
for the mechanism of bright plating. The most 
prominent of these theories are as follows:-
(l) Adsorption Theory;
Bancroft stated that "The crystal size is 
decreased when there are present at the cathode 
surface substances which are adsorbed by the 
deposited metal"
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(2) Reducing Agent Theory:
Kern in 1909 stated that "The function of an 
addition agent in an electrolyte is to maintain a 
reducing menstruum around the cathode,which, in 
turn causes the deposit to form denser and smoother". 
He based his observations on the fact that reducing 
agents such as phenols,aromatic amines,refined the 
grain size of deposit,while oxidizing anions 
produced coarse or spongy deposits.
(3) Complex Ion Theory:
This theory was first proposed by Mathers in 
1916 and then elaborated by him in 1939»Fiiseya and 
his co-workers did some research to establish the 
validity of this theory and stated that effective 
addition agents form ccnnplex ions with the depositing 
metal.
(4) Cathode Interference Theory:
The conclusion that Hunt came to from his 
study of the structure of electrodeposited metals 
was that:"the crystalline structure of an electro­
deposited metal will be governed by the relation 
of the metal ion concentration in the cathode film 
to the concentration of the other constituents of
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that film. If the proportion of metal ions to inert 
particles is comparatively high,there will be little 
interference with crystal growth,and coarsely crystalline 
deposits will result. If,however, the proportion is 
low e.g. due to low degree of dissociation and complex 
ion formation, there will be considerable inter­
ference with crystal growth,with the consequent 
formation of many nuclei."
The theories described above explain some of 
the phenomena associated with brightener action but 
none of these completely explains all of the observed 
facts.
The surface structure is the principal factor
which determines the brightness of electrodeposited 
l4imetal. Therefore, the effect of addition agents 
on grain size and crystal growth habit has been the 
subject of several investigations. In addition, 
most investigators studied the kinetics of copper 
electrodeposition using the same addition agents 
so that a successful theory of bright plating could 
be deduced.
- 3 0  -
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Shreir and Smith studied the effects of addition 
agents on the cathode polarization potential during 
the electrodeposition of copper and upon the super­
ficial structure of the deposits. They found that 
addition agents (e.g.thiourea,citric acid and others) 
which cause an increase in polarization result in 
deposits of finer grain size. On the other hand 
those which decreased the overvoltage result in 
coarse-grained deposits.
They also reported that a concentration of
— e _ 3
thiourea of 10" mol dm" caused the formation
of coarsely crystalline deposits. Conversely, a
— 4 — 3higher concentration of thiourea, 10" mol " which 
has a higher polarization potential resulted in a
l40fine grain and bright deposits. Sukava and Winkler 
have reported that cystline + Chloride in copper 
sulphate gave coarse and irregular deposit when 
the polarization potential was lowest. Therefore, 
there is some agreement in their observation of 
the relationship between grain size and polarization 
potential with that of Shreir and Smith's.
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47Barnes and Storey suggested that the crystal 
growth habit modifications (e.g. transformation of 
pyramid growth to cubic layer growth) produced by,
additions of glucose, or urea, or glycine (i.e.
— 2 — 3concentration of less than lO" mol dm" ), is
basically due to the change of polarization. Also 
this effects was observed under the electrodeposition 
of single crystal copper surfaces can be simulated 
in uncontaminated solutions by changes in the 
current density. The electrochemical kinetics of 
the process has been altered by the addition agents 
but the crystal growth mechanism remained the same.
They found that a glycine concentration of
— 2 — 31 X 10" mol dm" causes crystalline material
to be codeposited, with considerable distortion in^
the metal lattice. They interpreted this an
indication of surface adsorption and impurity
incorporation.
Further work by Barnesdiscovered that 
this compounds which contain divalent sulphur e.g.
thioacetamide and thioxamide etc, in acid copper
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baths reduced cathodic polarization and modified 
the crystal habit of copper diposited on the (lOO) 
surface of copper single crystal • He suggested 
that the divalent compounds form a barrier between 
the cathode surface and the electrode and prevent 
H* ion inhibition on the surface. Therefore, the
-HS" anions become adsorbed on the metal
surface in preference to other molecular or ionic 
species. As result the cathode surface is covered 
with an adsorbed film of different characteristics 
which affect the crystal growth habit.
58
Fischer and his co-workers have also carried 
out an investigation into the effect of glycine 
additions to sulphate solutions on the surface 
topography of deposits formed on cubic-texture 
strip. They found that glycine additions failed 
to inf1unee the current density at which pyramid 
growth transformed to cubic layer growth, but that 
in the current density range of layer growth increased 
glycine concentration,up to a limiting value,enlarged 
the crystallite size. Above this limiting value.
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the mean diameter of the grains was inversely 
proportional to the inhibitor concentration. 
Therefore both the glycine concentrations and 
thiourea concentrations have the same effect on 
the grain sizes of copper deposits.
59Johnson and Turner agreed with other 
investigators^^’^ ^that a small amounts of thiourea 
in the plating solution has a depolarization effect 
on the cathode. They suggested that this indicates 
the kinetics of copper electrodeposition is limited 
by surface diffusion of adatoms up to a higher 
current density with small amounts of thiourea 
than without it. Also higher thiourea concentration 
inhibits the surface diffusion of adatoms.
They also found that both thiourea and l(-) 
cystine have similar behaviour as addition agents 
in acid copper plating. Both addition agents 
contain sulphur groups and they proposed that they 
are either hydrolysed or electrochemically reduced 
during plating to form sulphide ions which 
precipitate copper as CuS at the cathode surface.
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Hoekstra et al,^ ^carried out the radio tracer 
studied of the adsorption of thiourea on copper.
It was found that thiourea was strongly adsorbed 
on the surface of a copper electrode. The adsorption 
took place even in the absence of applied potential, 
in acid copper plating bath with O.Olg dm" thiourea. 
S-35 . The adsorption of thiourea appeared to have
no preference for any crystal face of copper. It 
was suggested that the adsorbed thiourea interferes 
with the crystal growth and resulted in obtaining 
bright deposit in their electrodeposition studied.
Evidence for adsorption also comes from the 
fact that,the additives get incoroperated into the 
electrodeposits. Llopis and co-workers, using radio 
tracers,found sulphur but not carbon,in the copper
59deposit when the plating bath contained thiourea. 
Rogers and Vare^^ used radio tracer techniques and 
autoradiography have found that the nickel deposit 
contained sulphur. Also the amount sulphur increased 
with decreasing current density in a Watts plating 
solution containing thiourea as a brightener.
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There is very little informâtinn available 
regarding the values of double layer capacitance 
of copper during the electrodeposition or dissolution 
processes. Bockris and Enyo^ measured the values of 
the double layer capacitance of copper electrodes 
in acidified cupric solutions with different anions 
(i.e. S , Cl" , CIO4" , Ac" and NH^SO “).They 
found that the values of double layer capacitance 
varied between (43 i I3) 10”  ^Fm"^ and (l43 - 2l)lO"^Fm“  ^
for acetate and aminosulphonate anions respectively.
No information was found regarding the study 
of the relationship between the Surface crystal 
structure and the values of double layer capacitance 
of copper electrodeposition with or without addition 
agents.
Weil^^ has summarized the following facts about 
the sturcture of bright nickel deposits which he 
said most of the facts apply also to other plated 
metals. In order to be fully bright, nickel electro­
deposits may either have fine grains or large grains
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If they have large grains there should not be any 
bounding crystal planes inclined to the surface.
The boundaries of large grains are usmally deep 
valleys. Therefore, bright, large grained deposits 
are rare in commercial plating. However,single­
crystal deposits could be fully bright. Deposits 
with fine grains i.e. the grains having the difference 
in the height between the middle of the grain and 
the grain boundary, less than the wavelength of 
visible light (400 to 700,nm) and without Crevices are 
bright. If there is a strong fibre axis, i.e. 
the same plane is essentially parallel to the 
surface in most grains, the boundaries between 
them would be expected to be shallow. When there 
is a strong fibre axis, the grains need not be 
very fine for a deposit to be bright. The banded 
structure is also generally observed in bright 
deposits but not all deposits showing the banded 
structure are fully bright.
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CHAPTER 2
Part (2-1) Some Techniques for the study of Electrode Processes and 
Electrode deposit
Sect (2 -1 .1 ) 'Single Current Pulse Method
(E)
Time
Fig (2-2)
Time — —
Fig (2-1)
This method is very useful for the study of
kinetics of fast electrode reactions, (i.e. kg up 
4 51
to 100 Cm S ) A small rectangular current pulse
(egg. ontime range of 0.5 ms to 50  ms used by Berzins
and Delahay^^ ) is used to stimulate a working
electrode which is at equilibrium. The response oft
the working electrode during the passage of current
is a change in potential as a function of time (t) fig (2-2)
The mathematical expression of T) v s. t, where T) 
is the overpotential, is relatively complex even for a 
simple reversible charge-transfer process e.g.
0 -f- ne -r— R
E (2-l)
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A linear relationship exists between T] andjT
for a small displacement of potential from its 
equilibrium potential i . e . R T / n p  &nd t ^  5 x lOT^s
i.e. when the double layer charging current has
become negligible. The relationship is shown as
Rf
^ 52follows
n =  -
np fTrJ ^dîl’l_Rjr_k_y C.,li E(2-2)
with
c;j5o C r-|D p
Cy^ = the double layer capacitance at the
reversible potential.
i = Total Faradaic current.
Cq = Concentration in mol :/dm^ in bulk phase 
of 0 species.
i^s Exchange current density.
D q = Diffusion coefficient of species o
The exchange current density can be determined 
from the intercept at t = 0. The value of L can be 
obtained from the slope in -the. ■ vs. //t -plot .
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The transfer coefficients 
cannot be evaluated using this method directly from 
a single transient but can be obtained from the 
dependence of the exchange current density on the 
concentration of 0 or R as shown in the equation 
below.
io= nFI<3 e (2-4)
Where kg = rate constant, Q = transfer coefficient.
Thus a can be evaluated by varying the concentration 
of one of the reactants while the concentration of 
the other reactant is kept constant. The logarithm 
of exchange current density is plotted against the 
logarithm of the varying concentrations. Therefore Q 
can be obtained from a straight line whose slope 
is either ù or 1- Û , depending which reactant 
concentrations are varried.
The main disadvantage in this method is that only a 
relatively small perturbation is permitted when E(2-2,p38) 
is .to be used in the experimental calculation.
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Thus this leads to lower signal-to-noise ratios and
hence greater uncertainty in the measured kinetic
parameters. The main advantage is that the
experimental set-up is relatively simple and easy
53to correct for IR drop.
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Se6t"(2j4.2 ) Potential Step Method:
Potential
time
Fig (2-3)
c u r r e n t
time
Fig (2-4)
In this method a potential step (Fig 2-3) 
is used to perturb an electrode which is in its 
equilibrium state and the resulting current is then 
measured as a function of time (Fig 2-4). The
kinetic parameters can then be obtained using the 
current-time relationship.
The current-time and H equation is generally 
quite complicated, for example the current-time and 7) 
equation for the first order kinetics of the reaction 
(E2-1, p37 ) is as follows
if = io<(exp - a n  F n RT - exp (1-Q ) RT J
where A(t) = ^exp ( t)J erfc ( Xt^)
and X is a constant given by
A(t) E(2-5)
E(2-6)
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e x p + 1
y
cf,|^ «PL
where overpotential ^ is equal to the potential jump 
for small IR drop. The meanings of the symbols used 
are the same as those used in the single current pulse 
method.
E(2-7)
Equation £(2-5,p41) indicates that the faradaic 
current density is equal to the value without diffusion 
control multiplied by a factor A(t). The factor A(t) 
considers the diffusion process and carries the value 
of time.
The io value of the reaction considered can be 
obtained easily with the aid of the monograms prepared 
by Oldham and Osteryoung^^ as shown on page (44 ).
This is done by plotting the values of i^  vs. ft 
and from this a straight line is drawn through the 
points in the central portion of the curve. This straight 
line is then extrapolated to the Y-axis and the i^ 
value is obtained as shown in figure ( 2-5,p44 ).The 
ratio of i/i^ is then used to obtained the value of
- 4 3  -
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from fig ( 2-6, p44 )• Thus io value can be
evaluated using the value of i^. The condition for 
the application of this method is —^  0.9
The value of Q can be determined using the
equation E(2-4, p39) This is carried out by
plotting the values of log io with log Cq ® with a 
constant value of . Therefore, the values of
a can be evaluated.
The conditions for this process to be carried 
out efficiently are that the IR drop between working 
and reference electrodes must be small and for a short 
ontime step, correction of double layer charging is 
required.
- 44-
Region of linearity
Fig (2-5V Typical chronoamperometric data points
0.9
0.8
0.7
^0.6
a5
0.2 _
0.1 _
1
Fig (2-6) The curve shows i^/iQ as a function of Y±^
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Sect (2-1.3) C h r o n o p o t e n t i o m e t r y
i
Fig (2-7)
E
E.
Fig (2-8)
Jt
This method uses a larger constant current 
pulse of longer duration (Fig 2-7 ) which will 
completely consume all the reactants at the 
electrode. A change of potential with time(t) 
is then studied and a typical chronopotentiogram 
obtained is shown in f/gure(2_g). The principal 
assumption of this method is that mass transport 
occurs only by linear diffusion under the influence 
of the concentration gradient.
The time required for the reactants to be 
completely reacted at the electrode is known as
Mthe transition timeC'p ). The equation which relates
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with concentration of the reaction of the reacting
species 0 and the current density, for a plane electrode 
52is as follows:
ecu nF C®
rJ = ------- 2---------------------------------- E(2-8)
2i
This method is relatively useful in evaluating 
the kinetic parameters for a one-step cathodic process 
with combined kinetic and diffusion control in which 
the back reaction is negligible for the following 
reaction:
O + n e — Z  R E(2-9)
The relationship of the electrode potential with time
5 2after completion of double-layer charging is
° i
E = Eo + (Rl/anF )(ln[nF Co /i ] + In [l-( x/x'Y ] ) 3(2-10)
Equation E(2-10 ) shows that the value of
a can be obtained from the slope of the plot of 
E v.s. jpj ] * Also with the known standard
electrode potential, the standard rate constant of 
[ko - 10"^  cm can be determined.
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This method can also be used to determine the 
extend to which reactants are adsorbed on the electrade 
surface. This is carried out by observing the number 
of transition times present on the potential vs. 
time plot. If both the adsorbed and diffusing species 
both undergo reaction at widely different potentials, 
two separate transitions times will be observed.
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Sectv(2-1.4) Methods for Measurement of Capacity at 
Electrode-Electrolyte Interfaces
I
t
Po
There are a number of methods available for 
the measurement of double-layer capacitance ( .)
on solid electrodes. The methods of measurement 
may be classified in two groups, namely,pulse 
methods and the alternating current method. Three 
pulse methods and one alternating current method 
will be described. A galvanostatic pulse method 
was used in this research.
Sect (2-1.4A) Square-wave pulse Method;
•H
+>
S
+>oa.
Fig (2-9)
time (t) t
Fig (2-10)
>
I—I 
(0 •H
H
CO
•H-P
«+»o
Pu
t
Fig (2-11) Fig (2-12)
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The square wave pulse technique has been
developed by Hackerman et al^^ and Cahan et al.^^
In this technique a repetitive constant current (I)
square wave pulse is applied to the electrode
(Fig,2-9,p48 ). The direction of the current flow of
the second half cycle is opposite to the first half
cycle. The potential (Y)-time response is varied
under different conditions of the experimental set
up. The potential-time response of figure (2-10,p48)
if for the case when only pure double-layer capacitance
of the electrode is measured. Figure(2-1 l,p48 )shows
the response of the case when ohmic potential (IR)
drop is present in series which the double-layer
capacitance. When faradaic current and ohmic drop
are present, the response of this case is shown in
figure (2-12, p48 ).
The value of the double-layer capacitance can be 
evaluated from the potential-time response of all 
three cases mentioned above. The linear portion of 
the slopes of the potential-time curves are used in 
conjunction with the applied known constant current, 
in the calculation of the values of the double layer
- 5 0  -
capacitance of the electrodes. The following equation 
is used in the calculation of the values of capacitance
c = -------------- E(2-ll)
dV/dt
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Sect (2-1.4B) Triangular-Vave Pulse Method;
Fig (2-13) Fig (2-14)
>
H
CO
•H
+»
s+>
0&
t i m e
Fig (2-15)
I
t
Fig (2-17)
I
t
Fig (2-16)
I
t
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Gileadi et al used this method to measure
the double layer capacitance of a gold disk electrode 
in 10”  ^mol dm“  ^HCIO^ solution. A train of triangular
wave pulse is applied on the working electrode. The
2 4frequency used is normally in the range of 10 - 10
cycles per second. The amplitude of voltage is from 
1 to 20mV. The applied potential is increase from a 
lower potential to the peak potential in the first 
half of the cycle and decrease frcMn the peak 
potential to the lower potential at the second 
half of the cycle (Fig. 2-13,p5l)
Using the capacitance equation E(2-ll,p50) 
the value of the double-layer capacitance can be 
evaluated when the current is measured. Alternatively, 
the response can be caliberated with known dummy 
capacitors since the square wave response is propor­
tional to the current before the experiment. Thus 
during the experiment the values 6f the double­
layer can be obtained directly from the caliberated 
screen or chart.
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Four types of responses are shown in figures
( 2-14,p51 ) to ( 2-17,p51 Figure ( 2-14,p51 )
shows the response of only double-layer capacitance 
Oi the electrode. Figure( 2-15,p51 ) shows the
response of the double-layer capacitance in the 
presence of ohmic drop of the electrode. In the 
system where the ohmic drop is compensated, the 
response of the double-layer capacitance of the 
electrode is shown in figure ( 2-16,p51 ).
Figure ( 2-17,p51 ) shows the response of the
double layer capacitance of the electrode when the 
ohmic drop is compensated and faradaic current is 
present.
The error due to the faradaic current in the 
measured capacity can be reduced by increasing the 
frequency and adjusting for optimum IR compensation. 
This error can be readily estimated using the following 
equation which relates the measured capacitance (Cm) 
to the true capacitance.
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Where P is the fraction of half-cycle during
which s£unpling is made. i . and i are them m  max
values of the current at the begining and at the 
end of the half-cycle, measured on a curve such 
as figure ( 2-17,p51)
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Sect (2-1.4C) Double Current Pulse Method;
H
(8
•H
I+*OPk
o
time
Fig (2-18)
to ti 2
time
Fig (2-19)
52Gerischer and Kruse introduced the galvanos
tatic double ^ulse method in order to soperate 
diffusion overvoltage from charge-transfer over­
voltage in the case of fast electrode processes.
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Slaiman and Lorenz in 1974, used this method to 
measure the double-layer capacitance and the adsorp­
tion capacitance (Cads) of copper-electrodes in 
acidified cupric sulphate solution.
In this method, two consecutive rectangular 
current pulses are used (Fig 2-19,p55 ). The first
pulse is of a large current amplitude (I^), and 
flows only for a short time t^, e*g, 1-2 As, This 
serves to charge rapidly the double layer. The 
amplitude and duration of the first pulse are 
adjusted so that the potential-time curve starts 
out flat at the begining of the second pulse ie 
( dv/dt), . = 0. Once this is achieved, the
slope of response of the first pulse (ie t = 0 to 
t = 1 ) is then due to the double layer charging with 
current I^ . Therefore, the double-layer capacitance 
is then calculated using the equation E( 2-11, p50)
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The slope of the potential-time curve of 
t > t^ , is then used to calculate the total 
values of the two capacitances (ie 0^^+ Cads) 
as shown in the following equation?
Io
di+ Cads = (dv/dt). E(2-13)
t
As a result the value of the adsorption 
capacitance can then be evaluated.
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Sect (2-1.5) X-Ray Diffraction
Fig (2-20)
Crystal planes
X-ray diffraction (XRD) has been used in the 
structural studies of copper electrodeposit by various 
a Ix 4 7
authors. ’ * The mechanism of the "reflection" may
be visualised by reference to fig ( 2-20 )• The•
equation is used to determine the interplanar distance 
(d) of the crystal structure, through measurement of 
the angles ( 0 ) at which x-rays are constructively
-59 -
reflected from the cyrstal faces i known as the Bragg
48equation.
nX = 2 d sin 8 E(2-14) 
where (n= 1,2,3...) are called first, second...
...order reflections.
X is the wavelength of the x-ray used.
The powder method is used to determine the 
interplanar spacings of crystalline powders. The Bragg 
equation is used in the calculation of the values of d,
The working principle of the powder method is that 
a beam of monochromatic x-rays is collimated by two 
pin holes in a lead sheet and this falls on the crysta­
lline powder. The reflected rays normally have a shape 
of cones•
There are two different experimental arrangements
69that can be used in the powder method. One of them
involves the use of diffractormeter and the other
involves the use of cylindrical camera when a diffractro-
meter is used. The specimen is shaped into a flat plate
and is placed at the centre of rotation in the diffractro- 
meter. A scanning chart recorder is used to record the 
reflected beam.
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The powder is shaped into a cylinder when a 
cylindrical camera is used. A photographic film is 
psed to record the reflected beams.
The x-ray pattern of the deposit obtained is 
then used to establish the orientation of the deposit 
and can also be used to identify the deposit. 
Identification is carried out by comparing the calculated 
d spacings of the three most intense XRD pattern peaks 
with those d spacings values tabulated in the American
J.C.P.D.S. Powder Diffraction File. '
Sect(2-1.6) Atomic Absorption Spectrophotometry:
This technique is used for determining the
concentration of an element in a sample by measuring
the absorption of radiation in an atomic vapour
produced from the sample at a wavelength that is
specific and characteristic of the element under
consideration. For example the wavelength of the most
70sensitive absorption line of copper is 324.
The atomic absorption spectrometer basically 
consists of a light source which generates a sharp
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line spectrum, combustion chamber which converts the 
solution into atomic vapours, a monochromator which 
selects the resonance line to be measured a photo­
multiplier and a chart recorder or digital display 
unit.^^
The calibration curve of concentration against 
absorbance is obtained Jusing the Beer-Lambert Law. 
According to this law,the absorbance (A) is propor­
tional to the concentration of the analysed element. 
This law is followed within certain limits in atomic 
absorption spectrometry. The absorbance can be cal­
culated as the inverse function of the transmission 
(T) of the flame.
A = log l/T* E(2-15)
For the evaluation of sample concentrations, 
the absorbance must be evaluated from the relation.
A = log lo/l E(2-16)
Where Io and I are the indicator deflections 
corresponding to the pure solvent and sample respec­
tively.
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A standard working curve is normally plo tted 
with the known concentration of standard solutions 
(x-axis) corresponding to the measured absorbance 
(Y-axis). This curve is then used in the determina­
tion of the unknown concentration of the solution of 
the same element.
Sect(2-1.7) Stereo Scanning Electron Microscopy;
The principle of the instrument is as follows.
A primary beam of electrons frcxn a heated element is 
focused into a fine beam and made to scan in a raster 
on the surface of interest. The electrons liberated 
from the surface by the beam are detected by scintillator 
-photomultiplier system. This is called the emissive mode, 
The resulting signals are used to modulate the brightness 
of a cathode-ray tube screen which is scanned in syn­
chronism with the electron beam producing an image on 
the screen.
Scanning electron microscopes (S E M) have been 
used to study the morphology of copper deposits by some 
a u t h o r s . M i c r o g r a p h s  (i.e.photography of the 
SEM image) of the deposit are usually taken during the
-63 -
study of the morphology of copper deposits. The micro­
graph may be used in the calculation of grain size 
using ihe following equation:
,r.i„ .iz.. 3  EÜ-.,)
where magnification of micrograph = ^
Constant
E(2-18)
and constant is the ratio of screen size 
divided by micrograph size.
Sect (2-1.8) Cyclic Linear Sweep Voltammetry:
This technique has been used to measure the 
concentration of both the additive and the chloride
content in different various types of copper bath by
40-44Tench and co-workers.
In this method,the potential of the working 
electrode varies linearly with time at some known 
rate and the current is observed with respect to time.
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The potential of the working electrode is scanned 
from an initial potential Ei to a second potential 
Er. At Er the direction of scan is,reversed and the 
potential swept back to Ei. This procedure can be 
repeated continuously if needed.
The cyclic voltammogram has a characteristic
45shape depending on the nature of the reaction.
Some examples are shown in figures (2-21 to 2-25,p65)
It may be possible to predict the reaction mechanism 
from the cyclic voltammogram when used in conjunction, 
with table (2-l,p66). The table contains the equations 
relating the peak potential (Ep) and peak current 
(Ip), with scan rate ( V ),
-65 -
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Part (2-2) Fundamental Principles of Metal Deposition 
Process es.
Sect (2-2.1) Faradays *s Law;
Electrodeposition is the process of depositing 
metals using an external source of current. On 
passing the current, the metal is deposited on the 
cathode. The process obeys Faraday's laws of elec­
trolysis, which state that, the amount of chemical 
change produced by the electric current is propor­
tional to the quantity of electricity passed. One 
mole of electrons (i.e. 1 Faraday or $6,490 coulombs) 
will produce mole of copper.
Sect (2-2.2) .Overpotential
The deviation of the potential from the equili­
brium value, when an external current flows through 
the electrode is called the overpotential and is 
expressed by: T) = A<t> - A0g E(2-19)
where A4> is the potential difference across the 
interface through which a current density i is 
flowing. A 0g is the equilibrium potential
- 6 8  -
difference (i.e. the potential difference where no 
current is flowing). Both A 0  and A 0g are 
absolute potentials which cannot be measured. To 
measure the overpotential' a three electrode system 
has to be used i.e. a system consisting a working 
electrode, a counter electrode and a reference elec­
trode. Eg is measurable and is the potential difference 
between the working and reference electrode when no 
current is flowing. E is measured as the potential 
difference between the working electrode and the 
reference electrode (assuming the ohmic potential 
drop is small) The overpotential is thus given by E-Ee.
The following are various types of overpotential 
which appear during the deposition process;
(1) Charge-transfer overpotential (let), associated 
with the step involving charge transfer between the 
electrode and a molecule, ion, or atom.
(2) Crystallization overpotential (^cr), which results 
from the energy barrier associated with incorporation 
of an atom into the crystal lattice of the electrode.
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The sum of and Her is also known as the activation
overpotential (^ad.
(3) Reaction overpotential (^r) which is the result of 
a chemical reaction and is independent of the electrode 
potential. This overpotential when it is rate deter­
mining, hinders the current flow.
(4) Diffusion overpotential (^d). This is associated 
with the rate-determingin mass transport of reactants 
from the bulk to the interphase. The sum of the reaction 
and diffusion overpotentials is scwnetimes known as the 
concentration overpotential  ^c. The sum of the four 
overpotentials gives the total overpotential.
(5) Ohmic overpotential (^q ) this is introduced in 
the measurement of overpotential. This overpotential 
equals the IR drop across the surface film on the 
electrode or within the electrolyte.
Sect (2-2.3) Equilibrium exchange current density iot 
In the study of electrode reactions, it is 
important to obtain the equilibrium exchange current 
density io values. A high value of io for a metal 
deposition process means that the metal can be deposited 
with little polarization. The io is decreased by the
- 7 0  -
presence of absorbed impurities or 'addition agents'
since they interfere with the deposition process. In
a multistep reaction, the step with the smallest io
value generally determines the overall current. This
is because the smaller the io is for the step,the lower
79is its conductivity.
The io value is generally concentration dependent, 
at constant T| . Thus an equation can be obtained based 
on this property and this equation can be used to 
determine the electrochemical reaction order^&f the 
charge transfer reaction.
Picath ^log Co )g ~  RT ( JlogCo)g E(2-20)
' R4=o r 4=0
where Picath is the order of the cathodic reaction of 
the reactant R. The drawback in this method is that 
it is necessary to know the overall reaction so that 
it is possible to determine the concentration dependence 
of the reversible potential on the concentration of a 
given species.
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Sect (2-2.4) Symmetry Factor
' Free 
Energy
Potential
OHP
Distance
Di sta nee
Fig: (2-26)
A4>
Fig:(2-27)
In the cathodic charge transfer reaction, the 
ion moves across the double layer from the solution 
side of the interface to the metal electrode. When 
the energy of the ion passes the summit of the energy 
barrier (Fig; 2-26 ). The summit has been lowered by
the electrical work done,i.e. part of the total poten­
tial difference (i.e. from OHP to the summit) Fig 2-27 
multiplied by the charge. Thus the symmetry factor p
-72 -
( 0 < P <  l) is used in describing the amount of elec­
trical work (i.e. P A0 F) (Fig 2-27,p71 )by which the 
energy barrier for the ion-to-electrode is lowered.
Also p can be expressed as;
R Distance across double layer to summit E(2-2l)
 ^“Distance across whole double layer
Using a different approach where p is shown to be 
depended on the relative slopes of the potential- 
energy-distance curves, the definition of p obtained 
is8°
P =41—  E(2-22)
or
change of activation energy E(2-23)
change of electrical energy
The symmetry factor was shown to represent the 
fraction of the input electrical energy by which the 
electrical part of the activation energy decreases.
The decreases in activation energy mean an increases 
in the net rate of reaction. The practical significance 
of this can be seen when electrical energy is used in
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direct synthesis of compounds. In this case the 
value of P determines how much change of rate of 
production of a substance will take place when the 
potential of a electrode is changed for given concen­
tration of reactant.
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Sect (2-2.5) Transfer Coefficient;
During electrodeposition, the excess negative 
potential increases the rate of transfer of metal 
ions across the double layer to the electrode where 
they get deposited. At the same time, it diminished 
the rate of metal dissolution at the cathode. The 
extent to which the applied excess potential is 
effective in accelerating the deposition process at 
the cathode, as compared to that which slows the 
dissolution process is expressed by a fraction called 
transfer coefficient a .
For a single step and single electron process
the value of a is the same as symmetry factors. For
a multistep cathodic electrodeposition process, a is
V
written as?* —  +  r'P- E(2-24)
where = number of electrons transferred preceding
the rds for the cathodic process, 
v’ = stoichiometric number of the reaction, 
r* = a factor of the rds, when the rds is a 
char&e-transfer step, r = 1 and when
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the rds is a chemical step, r = O.
Sect (2-2.6) Butler Volmer Equations;
The dependence of overpotential on current 
density for a one step,single-electron electrode 
reaction controlled by the charge transfer step is 
given by the Butler-Volmer equation.
i= io [exp( i -p> iF /R T  -  e x p ( - p ) t i  f / r ^  e(2-2s)
The equation below is the general form of the 
Butler Volmer equation. This is also valid for a 
multistep overall electrode reaction. The reaction 
may be electron transfers in steps other than the 
rds and also the rds may have to occur p) number of 
times per occurence of the overall reaction.
' = i. [ e x p - a , F V R T  -  e x p a ^ F V k j ] E(2-26)
From equations ( 2-25 )and equation (2-26)
it can be seen that the transfer coefficients ( & ) 
play the same role in a multistep, n-electrons transfer
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reaction as the p does in the single step, one 
electron charge-transfer reaction. That means the 
values determine how the input electrical energy 
(F n )affects the reaction rate.
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Sect (2-2.7) Tafel Equation:
The theoretical rate equation (E2-26,p75) that is
i=i [ exp {Z^SUL ) _ exp ( )] E(2-27)
RT RT
where i^, a , T etc have their usual meaning and are defined 
in the appendix (p 303 ).For an activation overpotential 
which is more than -50mV, the deplating is negligible. Therefore, 
the second term of equation E(2-27) can be neglected and i can 
be written as
i = [exp ( -  )]
On rearranging,
^  = —  In i -  In i E(2-29)
Qc F ° F
Let A = —  Imi E(2-30) B=   E(2-31)
cic F °  cLcF
The Tafel equation is thus derived i.e.,
^  = A + B log i E(2-32)
-78 -
Sect (2-2.8) The Potential Time Transient At Constant 
Current Density;
A constant current transient technique can be 
used to determine the rate determining step (rds) 
of a metal deposition process. A quantitative treat­
ment involving the time variation of the overpotential
and the rate determingin step in electrodeposition
67for a one electron process is described as follows;
The total constant current density during the 
transient in this case is
1 = idi + ^ct E(2-33)
and the current density for charging the double layer
is determined by the capacity of the interface which
is equal to
cint
d^l ' E(2-34)
In tie charge-transfer step of the deposition 
reaction, ions from the OHP can only land on areas 
which are not already occupied. Hence,
i^  = FK^ (1 - 0  ^ ) Cyn+ exp (-pFAO^/RT) exp(-PFn^/RT)
E(2-8 5)
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( 1- 6g )
multiplying E(2-35) by —  Wë~~)
re-arranging the equation, the new expression of i^ 
can be written as
ic = Y ï È -  E(2-36)
Assuming that both the fractions of surface 
covered by adions 0^  and 0  ^ are much less than unity,
esp -PF\/RT e (2-37)
The anodic current density depends on the average 
adion concentration and overpotential at the time t, in 
the following way,
i* = F K* C^ exp [{l-p)PA()>yR^ e::p [(1-P)FT|.|./RT ] E(2-38)
= ^  K^C^exp |i-P)PA(%/R^_^ exp[(l-P)PTl^ ./nT] E(2_39)
CO
The term in square bracket is the io. Hence,
= io |i exp(l-P)Pnt/ET E(2-40)
o
Since ig^ = - 1* _ E(2-41)
^ct = exp-pFTI^RT - ®^r(l-P)F\/RT e(2-42)
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Considering small departures of overpotential 
from equilibrium, the exponentials can be linearized. 
Therefore,
^ct = (-PFnt/RT)-Ct/Co(l+ (l-P)Fn^ /E'!^ ] E(2-43)
or 1^ct = i°[(Ct-Ca /Cji-Fnt/RT (CtAo(l-P)+0] E(2-44)
Also for small departures from equilibrium c /c =1
t' o
Thus G^ /C^  (l-P ) +p :=1 E(2-45)
As a result,
ict = r V°o -  1
o
Using the expressions E(2-34,p78) for i^^ and
r C.-C - Fn./RT -I
|_  ^ J E(2-46)
E(2-45) for i^  ^ , in equation E(2-33,p78) the 
constant current density switched on at t = 0 is given 
by
d T  +  .
C.-C - FT1./RT-I
 ^ E(2-47)
0 -J
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■Sect (2-2.9) The Time Variation of The Overpotential 
When the Charge-transfer Step is Rate Determining.
In the case when the rate determining step is
charge transfer, c C Thus, frcan E(2-47,p80)
t o
the total current density in this case is
‘’did’It E(2-48)
Also using the low field law for rate determining 
charge transfer, at t — c- e>o when the steady state over­
potential Tl«o is obtained, the following relations
yU
holds:
’1- = -RT/P X i/i^ e(2-4 9)
On combining this relation with e(2_48)
-( ^ ) = F i y c , ^ R T X ( T , _ n ,  ) E(2.50)
The negative sign indicates that the overpotential 
decreased with time (i.e. cathodic deposition process). 
This sign is not included in the integration of E(2-50)
C RT
T =  -------   E(2-51)
FL
Substituting E(2-5l) into E(2-50) 
and rearranging gives
dH t 1 d t  ,
i C X " )  '  T "  E(2-52)
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Integrating equation E(2-52,p8l) gives 
-In =4" + E(2-53)
where K is a constant, At t=0, f|^ = 0
K = - InTloo E(2-54)
Substitute K into equation E(2-53) and rearranging,
the result is
In t
Tl^-nt "T E(2-55)
Thus, the variation of the overpotential with time is
given by
= n~ ( 1- exp -t/r ) E(2_56)
This equation is valid when p HtF/RT .
It is also of the same form as the equation describing 
the time variation of potential difference across 
a parallel capacitor-resistor net-work when it is 
charged with a constant current
( 1 - exp -t/T' ) E(2_57)
In the case of condenser charging, the rise time is
defined as the time at which the magnitude of the
75exponent in the exponential term is equal to unity.
Setting t/q- ' = 1  in equation E(2-57) implies
that
" C  " E(2-58)
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By adopting a similar criterion in the ease of 
the buildup of the overpotential in the metal-deposition 
process, from equation E(2-56,p82) that
rüT = E(2-59)
When t = 'Y*
= RT /Fig E(2-60)
Sect (2-2.10) The Time Variation of the Overpotential 
when the Surface Diffusion Step is Rate Determining:
When the r d s  is surface diffusion, then 
C^ ' = Cg and (c^ - Cg) / Cg f 0 E(2-61)
Also when the time Considered is longer than 
the time for charging the double layer, the double 
layer current can be considered virtually zero. There­
fore, under these conditions, the total constant currant 
density derived from E(2-47, p80) in this case
is
i = io f ^ t  “ E(2-62)
\  C RT /
The expression for the average adion concentration
at any time t is given as?^
( 1-GxP -K pt)  E(2-63)
where kp is the proportionality constant.
Substituting equations E(2-63) into 
E(2-62) the result is
Tl, = RTi ( l  -  exp-K t  ) -  RT i  
p o o
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When t is approaching infinity, the overpotential 
is at steady state i.e. • Using equation E(2-64)
the expression for is,
„ RT i RT i
7  7 c  " 7 7p 0 o
Expanding equation E(2-64) and substitute
E(2-65) into the expanded equation gives
^  -  [exp-K t l  E(2-66)
P K C L P J 
P oor
-In f— 2 —  1- K t
L KcJ P E(2-67)
p o
This is the basic equation for the time variation 
of the overpotential, assuming that the deposition 
consists of a two-step charge-transfer plus a surface- 
diffusion reaction and the rate-determining Surface 
diffusion is under near-equilibrium conditions.
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Sect(2-2.11) The Mechanism of the Electrogrovth of Metals
The description of the electrogrowth of metals 
can be divided into two sections. The first concerns 
the path taken by an ion from a position in the bulk 
of the solution unitl it reaches a growth site and is 
incorporated into the crystal lattice (i.e.the process 
of deposition). The second concerns the process of 
electrolytic crystal growth.
( A ) The Process of deposition
Fig (2-28)
Charge
Transfer
Plane
Surface Diffusionstep
Consecutive stages involvéd in the 
Incorporation of an Ion at Kink Site.
The first step in the depostion process is that
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the hydrated metal ion at the (OHP) across es thb 
electrified interface, i.e. the charge transfer 
reaction.
The hydrated ion is then landed on a plane 
on the cathode which is the most favorable site.
This is because there are more plane sites than 
the other sites such as holes,kinks, and steps. Also 
crossing over to a plane sites requires the minimum 
amount of distortion in the metal ion-water complex 
and hence the minimum energy change from this source.
After having landed on the plane, the partially 
hydrated adion must lose its water molecules in 
order to be incorporated into the metal lattice. This 
is carried out by surface diffusion from the smooth 
plane to a step, where it loses one more water mole­
cule, and then move along the step to a kink site 
where another water molecule is lost, (Fig 2-28,p86)
The process continues with further replacement of 
water molecules by coordinating metal atoms until.
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finally, the series of actions ends when this 'ion', 
now without water molecules, gets embedded in the 
lattice.
(3) The Process of Electrolytic Crystal Growth 
As more and more adions get incorporated into 
a microstep, the step grows and advances. The step 
might be present originally at the emergence points 
of screw dislocation or due to other defects or might 
be formed by two-dimensional nucléation (i.e. adions 
condense together without random walking separately 
to steps).
If in the course of the step growth; it encounters 
adsorbed impurities, then further progress is stopped 
and a new microstep is formed over the older one. This 
may be repeated several times leading to the bunching 
of microsteps into a macrostep (Fig 2-29,p 91 ).The 
lateral growth of the deposit proceeds from various 
centres until the neighbouring lattices meet. The 
crystals which touch each other in a continuous fashion
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to make up a metallic bddy are called grains.
In an early stage of electro-crystallization, 
the deposit tends to grow parallel to the substrate, 
this is known as epitaxial growth or 'paralled* growth.
In prolonged electrodeposition, regardless of the type 
and nature of the starting substrate (e.g. various 
faces of a single crystal), a polycrystalline deposit 
will always form. In a polycrystalline deposit the 
orientation of each grain can be specified by giving 
the angles formed by the crystallographic directions 
of the crystal and the axes of a reference system 
fixed with respect to the macroscopic substrate. If 
one axis in all the crystallites is fixed relative to 
the substrate and the other two axes are randomly 
oriented then the polycrystal is said to have a preferred 
orientation. If all the three axes are randomly oriented 
then the polycrystal is said to exhibit random orienta­
tion.
There are several types of growth (i.e. also known 
as structural forms) of electrodeposits.Layer-type
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structure is that most frequently observed and may 
have regular (Fig 2-30,p92 )or irregular (Fig 2-31,p92)
shapes. The block structure, or cubic layer formation, 
which may be regarded as a limiting case of the layer 
(Fig 2-32,p92 ), is also observed in electrodeposition.
The ridge type of structure (Fig 2-33,p92 ) has been
observed on copper electrodeposits. Pyramidal forms 
of growth are also often observed in copper electro- 
deposits^^'*^ (Fig 2-34,p93 ). Apart from the above,
other less frequently observed types of growth are 
spiral (Fig 2-35,p93 ), dendrites (Fig 2-36,p93 )and
cauliflowers . ^ (^ Fig 2-37,p93 ). This classification
is based on the visible surface topography of the 
electrodeposits. Several of these forms have been 
observed during copper deposition described in this 
thes is.
- 9 1  -  
Fig: 2-29
Stage (1)
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Fig (2-30)
_.J
Fig (2-31)
1
%
Fig (2-32) Fig (2-33)
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Fig (2-34) Fig (2-35)
1
Fig (2-36) Fig (2-37)
-Sect(2-2.12) The Electrical Double Layer
Electrical double layers are found in nature 
wherever one has systems containing mobile charges, such 
as electrons, ions or orientable dipoles. These mobile charges 
distribute themselves under the combined influence of diffusion 
and potential gradients. The principal significance of double 
layers, wherever they occur is that they produce potential 
barriers which may strongly assit or inhibit the motion of 
charged species across their dimensions. Consequently, double 
layers often are the deciding factor determining the rate of 
an electrode reaction, influencing adsorption equilibria and 
establishing the electrical nature of a contact between 
dissimilar materials.
For a metal-solution interface, the first row 
of the electrical double layer of the charge metal electrode 
is largely occupied by water molecules which are dipoles. They 
orientate according to the charge on the electrode. When the 
electrode is highly positively charge, most of the water dipoles 
tend to 'flip up' so that the oxygen atoms are in contact with 
the electrode. The hydrogen end of the water points into the 
solution (fig 2-38,p96). When it is highly negatively charged 
the flipped up dipoles tend to turn around and are in a 'flopped 
down' state. Now the hydrogen ends are facing the electrode 
and the oxygen atom is toward the solution (fig 2-39,p96). Under 
these conditions there will be more flopped down dipoles than 
flipped up dipoles.
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In addition to polar water molecules neutral organic molecules,
e.g. organic additives also often get adsorbed on the electrode
surface and form part of the double layer structure.
Théfcharged electrode a ttrac ts  ions carrying an
opposite charge (or same charge as in the case of contact
adsorption). These ions are held near the metal surface by an
electrostatic force. In the absence of any contact adsorbed ions
in the first row of the electrical double layer, excess charges
exist both on the metal layer and in concentrated solutions on
the outer layer of hydrated metal ions. This layer is referred as
Outer Helmoholtz layer. The imaginary plane passing through the
centre of the hydrated metals ions is called the outer Helmoholtz
plane OHP (fig 2-40,p96). The first row is often occupied by some
contact-adsorbing ions. As a result a new layer of excess charge
between the metal electrode and the OHP is formed. The
imaginary plane of these new layer of contact adsorbing ions is
called the inner Helmoholtz plane IHP. Thus the double layer
is no longer a double layer but a triple layer (fig 2-41,p96) and
they behave like two capacitors connected in series. Therefore,
the presence or absence of contact adsorption must influence the
property of the interface for ' the ■ s to r in g  chargesM ie the capacity  
77of the interface ..
It is believed that when the water molecules on 
the surface of the electrode are not strongly a ttracted , the
organic molecules present tend to replace them on the surface
, . 77and vice versa .
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Fig (2-38) Fig (2-39)
Layer 1
Layer 2
Layer 1 
Layer 2
Layer 3
Fig (2-40)
IHP OHP 
Fig (2-41)
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The significance of this behaviour is that when the metal 
electrode is highly negatively or positively charged, the 
water molecules will be tightly held with their hydrogens 
or oxygen respectively on the surface (fig 2-42,44,p99). 
Therefore, few organic molecules can adsorb under such 
conditions. The condition at which the organic molecules 
will be tightly held (and thus more numerous) by the 
electrode is at the potential of zero charge (PZC). It 
has been reported that for copper electrode the PZC is 
0.11 Volt vs SCE in an electrolyte consisting of 0.03 
mol dm ^ copper sulphate and 0.05 mol dm ^ Na^P^O^^ .
There are three commonly known theories which 
describe the structure of the ionic double layer i.e. the 
arrangement of charges at an electrifiled interface. The 
first is the Helmoholtz-Perrin theory.They regarded the 
behaviour of the'double layer' of charges on the surface 
and those in solution as approximately to that of a 
parallel-plate condenser(fig 2-45,plOO) having an electrical 
capacity C. Based on their model the equation which describes 
the relation between the excess charge density(q^^) on the 
electrode and the potential difference (V) across the 
double layer is
dV = E(2-68)
dV 4TT d
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Figure (2-46,plOO) shows the Gouy-Chapman model of the 
double layer. The Gouy-Chapman point fcharge diffuse layer 
model theory describes the variation of capacity with 
potential. The Helmoholtz-Perrin theory does not predict 
such variation and the equation which predicts such variation 
is 99
^ ^ 3 ^  E(2-70)
^  2 2 0 i 
C = ( eo n ) cosh " M
2TTkT kT E(2-71)
The above equation predicts that the differential capacity should
show an inverted parabola dependence on the potential across
the interface. In very dilute solution (0.001 M) and at potentials
near PZC, there are portions of the experimental curves which
99suggests that the interface behaving in a Gouy-Chapman way .
According to Stern there are two regions of charge
separation (fig 2-47,pl00). The first region is from the electrode
to the Hemholtz plane. The second region is from this plane of
fixed charges into the heart of the solution where the net charge
density is zero. Therefore, this implies that there are,: two potential
99drops. The equation derived from Stern theory is .
 ^  ^ E(2-72)
^H ^G
where C^ is the Helmholtz-Perrin capacity
C^ is the Gouy-Chapman or diffuse charge capacity.
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Fig (2-42^
(a) Negatively- charged electrode with excess of 
flopped-down dipoles.
flopped-down 
water molecules
Organic molecule held loosely 
Flipped-up water molecule
Fig (2-43)
(b) Uncharged electrode with equal numbers of flipped 
and flopped dipole.
Organic molecule held most 
strongly
(c) Postively - charged electrode with excess of 
flipped-up dipoles.
Organic molecule held loosely
Fig (2-44)
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CHAPTER 3
Studies of Pulse Plating of Copper in Copper Halide Solutions 
Introduction :
Studies of the efficiency of pulse methods on copper 
plating from acid baths have been carried out by various authors®^
This investigation was instituted to observe the effect of additives on 
pulse plating and copper halides were chosen.
The corrosion of plated copper during the relaxation time 
to form Cu(l)halides [i.e. copper(l)chloride, copper(l)bromide, copper(l) 
iodide] shows that the halides might not be good additives to be 
used in order to improve the plate quality when pulse plating is used. 
Nevertheless copper(l)chloride is used as a cathode fo r  reserved sea­
water batteries^^ and CuBr and Cul can be used as electrode 
material for seawater activated cells. More studies were then carried 
out with this new m e th o d p ro d u c in g  copper(l)halide electrodes.
PART (3-1) EXPERIMENTAL 
Sect (3-1.1) Materials:
Anodes:-
-2 -2  The anodes used were 4 x 1 0  m x S x l O  m
copper foil (BDH. 99.999%)
Cathodes :-
-2 —2 The cathodes used were 2 x 10 m x 2 x 10 m
-2 -2copper foil (BOH) 99.999%) or 2 x 10 m x 2 x 10 m platinum 
foil (Johnson Matthey 99.999%) on which a thin layer of copper 
was plated from acid copper solution.
Reference Electrode:-
The reference electrode used in all experiments was a 
saturated calomel electrode. This saturated calomel electrode ( S C E )  
has a pot entail of + 270m V at 298 K vs standard hydrogen electrode.
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Salt Bridge:-
An agar-agar type of salt bridge was used. The salt
bridge was made of agar powder and pottasium chloride salt 
73(Analar grade) .
Chemicals
All the chemicals in the experiments were of analar grade 
and used without further purifications.
Electrolytic Cells:-
The electrolytic cell used for pulse plating was made of 
perspex. It has a rectangular shape (fig 3 -l,p l03) and the dimensions 
of the cell are as follows:
Height = 1 X 10~^m Length = 1.4 x 10”/n
Width = 0.8 X 10” ^m
The glass electrolytic cell used for the controlled Potential 
coulometry experiment is shown on figure 4-l(p200). The cell 
consists of three compartments and the two main compartments 
have the same size. The third smaller compartment was used to 
hold the salt-bridge (agar). The dimmsions of the large compart­
ments are
Height = 1.50 x 10 ^m Diameter = 0.40 x 10
and the small compartment are
Height = 0.80 x 10”^m Diameter = 0.15 x 10 ^m
The length of the bridge between the two main compartments 
is about 0.60 x 10” \n and its diameter is 0.20 x 10”^m.
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Sect( 3-1.2) Electrode P re-treatm ent:-
The following cleaning processes were used for 
all electrodes before they were placed into the 
electroplating bath.
(a) Degreasing:- Electrodes were immersed in chloroform
for half an hour.
(b) Acid etching:- Electrodes were dipped into a 5 mol dm~^
nitric acid until clean and semi-bright 
electrodes were obtained . The average 
time required was about 15 seconds.
(c) Rinsing :-  Electrodes were thoroughly, rinsed in distilled
water.
After the cleaning processes, electrodes (cathodes) 
were dried at a temperature of about 40°C. The electrodes 
were then stored under a atmosphere.
Platinum electrodes which were to be used as
copper plated platinum cathodes, were plated in 0.34
—3 —3mol dm. copper sulphate and 1.76 mol dm solution.
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The constant direct current used was 100 mA and the 
plating time was 5 minutes. The amount of copper 
coated was 0.0099 g -  0.0002 g.
Sect (3-1.3) Corrosion of Copper in Solutions containing 
Halide ions :-
A clean copper foil was suspended from a bahance 
(Cl Electronics microforce 2) in a solution containing 
1.76 mol dm  ^HgSO ^ , 0.34 mol dm  ^Cu^^ and KCl 
or KBr. The solution was thermostated to 25°C ( -  0.5°C).
During this experiment the level of solution was adjusted in  order 
to  c o r re c t  fo r  the buoyancy of the electrode. The increase  
in weight of the foil was measured ( -  0.01 mg) with 
time. Similar experiments were attempted with solutions 
containing fluoride and iodide ions.
Sect (3-1.4) Gaivanostatic Pulse Plating:-
The cell , ministat (Thompson Associates 125) and 
pulse generator (CERBI, Chemical Electronic Company) were 
set up as shown in Fig (3-2,pl09). Copper was galvanosta-
tically (300 mA) pulse plated from a series of electrolytes
—3 —3containing 1.76 mol dm , 0.1 to 0.68 mol dm”
CuSO  ^ , and 0.05 to 0.34 mol dm  ^ Kcl or KBr. The p o te n t ia l
o f  the  working electrode was monitored by an
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oscilloscope against the SCE reference electrode 
connected to the Luggin capillary by a salt bridge. This 
cell was continuously purged with nitrogen during all experiments,
and thermostatted to 25°C ( -  0.5°C ).
A train of rectangular wave pulses was produced by 
the pulse generator and the current controlled by a 
ministat working in a gaivanostatic mode. The range of 
pulse periods (on time ) was 2 to 30 ms, and off time of 
10 to 1000 ms. Plated platinum electrodes were used when 
the deposited layer was to be analysed by atomic absorption 
spect rophotom et ry.
Sect(3-1.5) Controlled Potential Coulometry used in the 
Analysis of plated layer;-
This method is similar in the fundamental principle
to the potential step method described in section (2-1.2,
p41 ). In this research, this method was used to determine 
the amount of copper(T) halide present in copper/copper 
halide electrodes. The circuit diagram is shown on figure 3-3 
(pllO).
The experiment was carried out in nitrogen purged 
sulphuric acid (1 mol dm”^) at 298 K . A potentiostatic
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step, 0 V to O.IV (vs.SHE ) for copper(l) chloride,and 
to 0.05V for CuBr , was applied to the copper(l) halide 
electrode and the current measured with time. A charge 
passed as CuX was cathodically reduced to copper and X”
[ E (3 -l)  ] gave the amount of halide in the electrode.
The anode used was a platinum electrode.
CuX + e --------- -- Cu + X" E(3-l)
Sect(3-1.6) Atomic Absorption Spectrophotometry used in 
the analysis of plated layers.
The principle of this technique was briefly described 
in section (2-1.6,p60). In this experiment the standard 
solutions of 1,5,10 ppm of copper in 0.05 mol dm  ^ HNOg 
were prepared. A ealiberation curve of absorbance vs. 
concentration of copper was then obtained using the above 
standard solutions ( Fig 3 -4 ,p l l l  ).
The copper/copper(I) halide deposits were dissolved 
in 5 mol dm~^ nitric acid. The sample solutions were then 
diluted to a range between 1 ppm to 10 ppm with 0.05 
mol dm~^ HNOg. These samples were analysed using the atomic 
absorption spectrophotometer.
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Absorbance values of these samples obtained were then 
used to determined the concentrations of copper from the 
e a l ib e ra t io n  curve (p i l l ) .
Wavelength of the spectrophotometer used was
327.4 nm and the band pass of 0.4 nm. Air flow and 
acetylene fix 
respectively.
3 —1 3 —1low rates were 5.0 dm min and 1.0 dm min”
Sect (3-1.7 ) X-Ray Diffraction.
The principle of X-Ray diffraction was briefly 
described in section (2-1.5,p58) . In this experiment, the 
powder method was used to examine copper/copper (I) 
halide deposits. An X-Ray diffraction pattern of the deposit 
was obtained by placing fresh copper/copper (I) halide 
electrode at the focal plane of a Phillips 
diffractometer. For comparison the X-Ray pattern  of a 
copper foil was also recorded.
-  109 -
M û)
rô *d
(1> o o
tiD T) 'd k
C O o p k
•H U p, ü O
-p p (D p
U ü ü r4 c m
O ■p û; <D 0) k Pu
> PÎ r4 1—1 0) o
■p 0} <U 0) k ü
■P K ü p t/j
d O Pi b i (d b: o
■P C (D C Q. p
co cè ■P »H k û> fH
•H > A co •H
Ü 0 k (M p ü
•H (C O O e- d 10
S t i û o p : fC O
,, .. M
g o 5 : o  o
( k
Ü
z
M
H
<
kJ
Oh
w
co
k)
D
Oh
PC
O
Oh CM
S 00
<
c c
o
< CiO
M •H
Q Plh
H
M
D
U
0^
M
ü
W
X
H
û_
- 110 -
g
o
DOO
k)
<
e
g
Q
3kl
o
gz
o0
1
PC
ok
s
<
g
<
M
o
E-i
M
DOP:
Mu
g
co
A
bO•Hk
p o
k
•H
k
o H
P O
k 3 co
P üP h
CO 0)
(0 •d
0> 0) o k
to xi T) k A)
c o o p P
•H k k ü <D
P P (D 6
k P O ü P P
O R; (D (D d P
P P P O
CO 0) 0> 0) >
P O Ü
d p k bD k p
P p 0) k A) CÜ
co k p •H k P
p Û1 M o; P
d p k «H bü
•H o o O A) •H
S k. o Z: PC A
,, %» *# «.
S o « A
— Ill —
THE ATOMIC ABSORPTION CALIBERATION CURVE 
Figure: (3.4)
10
6
2
00 800
Absorbance
- 112 -
Part(3-2) CALCULATIONS AND RESULTS :
Sect(3-2.1) Corrosion of copper in Copper(îI)Halide Solutions:
Figures ( 3-5,p i 25) and (3-6,pl26) show the increase 
in weight (Aw) of a 8cm copper foil immersed in acid copper 
chloride and bromide solutions and 25°C respectively. The 
compositions of the solutions of figure (3-5) and (3-6) are as 
follows:
Figure (3-5) CuSO^ = 0.340 mol dm ^
HgSO^ = 1.760 "
o  KCl = 0.100 "
♦  KCl = 0.340 "
Figure (3-6) CuSO ^ = 0.340 "
HgSO ^ = 1.760
• KBr = 0.100 "
0 KBr = 0.34 "
For solution containing bromide, the corrosion rate 
increases with increasing bromide concentration. In the case of 
chloride, the weight eventually decreases due to the dissolution of 
CuCl giving soluble copper chloride complexes. In iodide containing 
solution, the rate of reaction was very high between 1 and Cu^^.
A white precipitate of Cul was formed which easily scaled from 
the foil.
Figure (3-7,pl27) shows a plot of the ratio of number of mol m-2
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of copper (I) chloride and number of mol m of copper
deposited vs. the ratio of the relaxation time and pulse
on time (T^^). The straight line drawn from the plot at low
T rr/ T is taken to be the corrosion rate constant of a oil on
fresh copper surface. The composition of the solution of 
figure (3-7) is,
CuSO^ = 0.34 mol dm ^
H SO, = 1.76 "
2 4
Kcl = 0.34 "
and the constant current used in the experiments was 0.34A. 
The pulse on times used were 2ms ( •  ) and 10ms ( o ) .
Figure (3-8,pl28) shows the plot of number of mol
—2 2 m of copper ( l )  chloride formed on the 8cm electrodes vs.
the square root of the total copper (I) chloride formation
reaction time. The pulse on time used was 10ms and the
relaxation times used were 24ms, 90ms, 290ms. The
composition of the solution was as follows:
CuSO ^ = 0.34 mol dm ^
HgSO 4 = 1.76 "
cr = 0.1 "
The plots of the number of moles of Cu ( l)  Br
formed on the surface area of the electrode vs. [the total
-  114 -
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reaction time] are shown on figure ( 3-9,pl29). The pulse
on time used was 30ms and the relaxation times were
5ms, 70ms, 270ms and 1000ms. The constant current used 
was 334mA. The compositions of the solutions of the two 
plots in this figure are as follows:
(A) CUSO4 = 0.34 mol dm
KBr = 0.34
H2SO4 = 1.76
(B) CUSO4 = 0.34
KBr = 0.1
H2SO4 = 1.76
These plots were carried out in order to establish 
a hypothesis of the movement of the corroding reactant 
through the layers of Cu° deposited and the corroding product 
i.e. cuprous chloride or cuprous bromide.
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Sect(3-2.2) Pulse Plating in Halide Solutions
Table (3 - l,p l55) shows the total amounts of 
copper present in the deposit which was determined by the 
atomic absorption spectrophotometry method (see pl07).
The deposit was obtained from solutions containing 0.34 mol 
dm  ^ Br and 0.34 mol dm  ^ Cu^^ in 1.76 mol dm~^ 
sulphuric acid.
The amount of copper chloride present in the 
deposit was obtained by coulometry of the reduction of Cucl 
as has been described in page (106). This method is only used 
in Cucl containing deposit and not CuBr containing deposit.
This is because for a copper bromide containing deposit, the 
deposit flaked out easily from the electrode during the reduction 
process. Figures ( 3_ll to 3_i6,pl31-136) show the coulometric 
results of the reduction current flow through the electrode as a
function of time. The deposits obtained in these cases were from
—3 —3solution containing 0.34 mol dm ci~j 0.34 mol dm CuSO
4
and 1.76 mol dm”  ^ H SO . The combination of the pulse on
2 4
time and relaxation time in each case is not the same and is 
indicated on each figure.
The Copper electrodes which were coated with CuCl, 
CuBr and the copper foil were analysed by X-ray diffraction
method (see pl08). The deposits were prepared in acidic
—3 —3solution containing 0.34 mol dm CuSO^ and 0.34 mol dm
116-
of CuCl or CuBr, The pulse on time used was 10 ms and relaxation 
time was 90 ms. Figures (3-30 to 3-33.pl50-153) show the 
response peaks with the angle of resolution 0  - From these results
the d-spacings of the deposits and their intensities were then 
calculated. The results are shown in table (3-2.pl56) to (3-5.pl59).
Figures ( 3-17,pl37) and (3-18^pl38) show the total 
weight percentage of copper/copper ( l )  chloride and copper/ 
copper ( l )  bromide deposits respectively as a function of relaxa­
tion time at constant pulse on time. The operating conditions 
for each curve shown in the figures are as follows:
Figure ( 3-17) CuSO^ = 0.34 mol dm ^
H SO = 1.76 "
2 4
KCl = 0.1 "
Pulse on time = 2ms 
KCl = 0.34 mol dm ^
Pulse on time = 2ms 
A— A  KCl = 1 0  mol dm '^
Pulse on time = 2ms 
Figure (3-18) CUSO4 = 0,34 mol dm ^
H SO = 1,76 "
2 4
KBr = 0.1 
Pulse on time = 30ms 
KBr = 0.34
0-0
Pulse on time = 30ms
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The effect of the bulk concentration of Cu^^ and 
Cl at constant pulse on time of 10ms and relaxation time 
of 90ms was studied. The amount of CuCl present in the de­
posit was analysed by the coulometry reduction method and 
is shown on figure (3-19.pl39). This figure shows that the 
production of CuCl is influenced more by chloride concentration 
than copper concentration.
In addition the steady state  plating of copper in 
the halide containing solution was also carried out. It was 
observed that the % wt efficiency of copper obtained in the 
chloride or bromide containing solutions were 100%. The com­
positions of the solutions were 0.1 or 0.34 mol dm '^  of halide. 
0.34 mol dm”  ^ CuSO ^and 1.76 mol dm  ^ H^SO^« The direct 
current used was 334mA.
The following is the example of the calculation 
of the amount of copper electrochemically deposited by the 
pulse method. Example of the operation conditions used is-
(a) Pulse on-time = 10ms
(b) Relaxation time = 90ms
(c) Plating time = 106 minutes
(d) constant current = 334mA
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Therefore, the amount of copper deposited (W ) ispc
^on Plating time x current Mcu°
^ ______________________  X '2__ E(3-2)
T o n + T o f f  F a r a d a y
10 106 X 60 x .334 63.540
-------X  X ----=----
90+10 96490
= 0.070g
Also the % wt efficiency of the pulse plating is calculated 
using the subsequent formula,
Measured weight (Wp) 
wt efficiency = ------------------------------------x 100%
*pc
E(3-3)
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Sect( 3-2.3) The Equilibrium Concentrations of Complexes,
Gu^ Complexes, Free Cu^ and Free Cu^^
The 8 complexes formation equations (p l84  ) show
that in a solution containing Cu^^, X and Cu°. There is a 
possibility of 9 species of ions and copper X complexes present 
in the solution. The computer calculated the equilibrium con­
centration (EC) of the various species at different Cu^^ and 
X bulk concentrations were plotted as shown in figure (3-20 
to 3-22,pl40-142) and ( 3-23 to 3-28,pl43-148).
Figures ( 3-20 to 3-22) show the EC of the Cu^^
complexes as a function of bulk Cl concentration. The bulk
concentrations of Cu^^ for figures (3-20, 3-21) and (3-22) are
—3 —3 -30.1 mol dm , 0.34 mol dm and 0.68 mol dm respectively.
In a solution of 0.1 mol dm  ^ Cu^^ concentration, at a Cl 
concentrations of less than 0.15 mol dm the predominant 
complexes present in the solution are the CuCl^ and CUCI2 .
At total Cl” concentration > 0.5 mol dm  ^ the EC of the CuCl  ^
and CuG^ are much higher than CuGl^. The CuCl^ concen­
tration o f  CuG^ is predominantly higher than the other 3 Cu 
complexes at a Cl” concentration of less than 0.5 mol dm
Figures (3-23, 3-24) and (3-25,pl45) show the EC
of free Cu^^, Cl” , CuCl^ and CuCl^ at 0.1, 0.34 and 0.68 mol dm ^
bulk concentrations of Cu^^ respectively. All these species have 
some influence in reaction of copper ( l )  chloride formation
-  120 -
— —3at Cl of less than 0.7 mol dm” .
In the case where the solution containing bromide 
ioTls, the EC of these species which influence the copper 
bromide reaction are shown in figures (3-26,pl46) to ( 3-28,pl48). 
These curves have similar shape as the chloride curves (i.e. 
figures 3-23 to 3-25), when the Cu^^ bulk concentrations of 
the chloride and bromide containing solutions are the same.
The EC of the similar species differ to certain extent between 
the two cases. For example, the free Cu^^ concentration in 
the bromide solutuon is much lower than in the chloride solu­
tion at the same bulk concentration of bromide and chloride.
Figure (3-29,pl49) shows the rate of formation of 
the copper (X) chloride in chloride solution vs. CuO  ^ complex.
The experimental data were obtained from the solution containing 
total concentrations of Cu^^ at 0.5, 0.34 and 0.68 mol dm 
There is a linear relationship between the rate of formation 
of Cu (I) Cl and the EC of CuCl^.
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Sect( 3-2.4) The Rest Potential Differences of the Working 
Elcetrodes
The measured rest potential differences of the work­
ing electrodes in the chloride containing solution are shown 
on table (3-8,pl62). The two theorectically calculated equi­
librium potentials of a possible electrochemical corrosion reac t­
ion of E(3-4) and E (3 -6 ) are also shown. For example, the 
possible equilibrium potentials of a copper electrode, in a 
solution containing bulk concentrations of Cu^^ = 0.68 mol dm  ^
and Cl = 0.34 mol dm  ^ are calculated as follows:
(A) Calculation of the equilibrium potential (e J) of reaction:
Cu° + Cl” -  > CuCl + e E(3 -4)
At standard conditions, the standard electrode potential 
of the above reaction is equal to 0.137 volt.
From the computer calculated results at a total
concentrations of Cu^^ = 0.68 mol dm  ^ and Cl = 0.34 mol dm  ^ ,
— —3 —3the concentration of the free Cl ions = 1.422 x 10 mol dm ,
and the CuG^ complex is 3.128 x 10”  ^ mol dm”  ^ (used in
calculation of E^).
The Nernst equation is used to calculate E^ and
can be written as,
 ^ RT X 2.303 ( activities bf reactants ) E(3-5)
E = E + -------------------  log -----------------------------------------
^ F il (‘activities of products )
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Where E is the potential difference at a non standard condition 
and E° is the potential difference at standard condition. The 
activity coefficients of t h e s o l u t i o n s  were used to calculate 
the activity of the Cl . It is assumed here that the other species 
do not affect the activity coefficient of the Cl ions.
(B) Calculation of the equilibrium potential (E^) of reaction:
CuCl"^  + e --------   CuCl E(3-6)
The standard electrode potential in the Cu^^ deposition 
is 0.34 volt.^^
Cu^+ + 2e . = ■  Cu° E(3 -7)
Since A g °  = -nFE° E(3 - 8)
Therefore the standard free energy of the reaction 
E(3-7) is = -65.613 KJ mole”\
Also, the equilibrium constant value of the reaction 
E(3-9) is 631 mol dm
Cu^+ + Cl" CuCl"^  E(3 -9)
Therefore the standard free energy of the reaction
E( 3-9) is = -RTln 631 J mol"^
or = -15.973 KJ mol"^
On subtracting E(3-9) from E(3-7), E(3-10) is obtained
i.e.
CuCl'*' + 2e -  Cu° + Cl" E(3-10)
and its free energy is -49.64 KJ mol \
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The standard electrode potential of the following 
CuCl reduction reaction is 0.137 volt.
CuCl + e -  Cu° + Cl" E (3 - l l )
Therefore, its standard free energy is -13.219 KJ m o l" \  
The standard free energy of the CuCl^ reduction 
reaction, E(3-6,pl22) is obtained by subtracting the standard free 
energy of E (3 - l l )  from E(3-10,pl22). Thus the standard free 
energy is -36.421 KJ mol  ^ and the standard electrode potential 
is 0.378 volt.
The Nernst equation E(3-5,pl21) is then used to 
calculate the non-standard state  equilibrium potential difference
4 -
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Sect( 3-2.5) The Potential Differences of The Working Electrode 
During Pulse Plating
Table 3 -9 (pl63) shows the measured mixed potentials 
of the copper electrodes during pulse plating. The calculated 
standard electrode potentials of the plating process involving
the individual CuCl^ ^^CuCl^^’ ^^^^2 ^^CuCl  ^ free Cu^^ 
ions (E^^2+) are also shown on table 3 - 9  . The standard 
free energy of reduction reaction involving CuCl^ i.e. E(3 -10) 
was found to be -49.64 KJ mol  ^ (see pl22). Therefore, its 
standard electrode potential is equal to 0.257 volt.
The plating reaction involving the CuQ2 complex 
is shown as follow:
CuClj. + 2 e^= = 'C u °  + 2C1" E(3 -12)
The standard electrode potential of E(3-12) is calculated in 
the following manner.
From the table (3-10,pl64) it is shown that the 
equilibrium constant of the following reaction is 39.81 J mol 
CuCl'*’ + C r ^ ^ C u C U  E(3-13)
The standard free energy is calculated to be equal to -9.127 
The standard free energy of E(3 -12) is obtained
KJ mol
by subtracting E(3-13) from E(3-10,pl22) i.e. -40.513 KJ mol
The standard electrode potential of the Cu^^ reduct­
ion process E(3-7,pl22) as mentioned in page 122 is 0.34 volt.
The Nernst equation E(3-5,pl2l) was used to calculate the 
non-standard electrode potentials of the electrodeposition • reactions 
involving the free Cu^^ ions, CuCl^ and CUO2 complexes.
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Fig: (3-6)
WEIGHT INCREMENT OF COPPER FOIL(8 cm ) WITH TIME:
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(for solution compositions see pll2)
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F i s  (3-7)
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Fig (3-8)
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Fig (3-9)
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(3-10)
% WEIGHT EFFCIENCYr OF COPPER DEPOSITION USING PULSE METHOD
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Figure (3_ ii)
COULOMETRIC PLOT OF Cu /CuCl ELECTRODE
Puise on time = 2ms 
Relaxation time = 32 ms
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0.34 mol dmBulk Cl
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Figure (3-12)
COULOMETRIC PLOT OF Ou /CuCl ELECTRODE
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Relaxation time = ^8 ms
Bulk Cu = 0#34 mol dm'
Bulk Cl = 0,34 mol dm'
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Figure (3-13)
COULOMETRIC PLOT OF Cu /CuCl ELECTRODE
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Figure (3-14)
COULOMETRIC PLOT OF Cu /CuCl ELECTRODE
AO-
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Relaxation time = 24 ms
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Figure (3-15)
COULOMETRIC PLOT OF Cu/CuCl ELECTRODE
AO
3 0  .
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Figure (3-16)
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E
I
U
Uo
Puise on time = 10ms 
R e lax a t io n  tim e = 290 ms
Bulk Cu = 0,34 mol dm'
0.34 mol dm'Bulk Cl
30
20 ®   o
10
180120
Time (minute)
-  137 -
Figure (3-17)
% WEIGHT EFFICIENCY OF DEPOSITS VS RELAXATION TIME ; 
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Figure (3-18)
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Figure (3-19)
2+,
WEIGHT OF Cu(l)Cl FORMED AT DIFFERENT Cu AND Cl CONCENTRATIONS:
80
60
o
40
20
-3
Concentration of Cl mol dm
T -------------------  0.34
A ------------  0.20
0.10
0.05
0.60.2
Cu^^/mol dm ^
-  140 -
Figure (3-20)
EQUILIBRIUM CONCENTRATIONS OF COPPER CHLORIDE COMPLEXES:
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Figure (3-21)
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Figure (3-22)
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Figure (3-23)
EQUILIBRIUM CONCENTRATIONS OF COPPER CHLORIDE COMPLEXES AND IONS;
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Figure (3-24)
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Figure (3-25) EQUILIBRIUM CONCENTRATIONS OF COPPER CHLORIDE
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Figure (3-26)
EQUILIBRIUM CONCENTRATIONS OF COPPER BROMIDE COMPLEXES AND IONS:
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Figure (3-27)
EQUILIBRIUM CONCENTRATIONS OF COPPER BROMIDE COMPLEXES AND IONS:
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Figure (3-28)
EQUILIBRIUM CONCENTRATIONS OF COPPER BROMIDE COMPLEXES AND IONS :
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Figure (3-30)
X-RAY DIFFRACTION PATTERN
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Figure (3-31)
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Figure (3-32)
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Figure (3-33)
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Figure (3-34)
Ç 20O plane of copper^
Cu Cu Cu
Cu Cu Cu Cu
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Figure (3-35)
^ 2 0  plane of oopper(l) 'bromide^
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Part (3-3) DISCUSSION
Sect(?-3 .l) The reaction between copper and copper (j.)
halide solutions :
In this study, the corrosive action of halide ions in
copper (e ) solutions has been confirmed. The overall reaction
to give copper ( l )  halide is suggested to be
Cu + Cuf+ + 2X"  2CuX E(l-10,p24)
It was found that the order of reactivity of halides
to equation E(l-lO) is F <CC1 <C Br <C. 1 . This is supported
81by the thermodynamic data which shows a similar increase in 
reduction potential for equation E(l-lO), E° * 0.401V, 0.607V, 
1.08V for Cl , Br and I respectively.
The reaction with chloride is complicated by
—  2 —dissolution of CuCl giving CuCl2 and possibly CuCl^ . The
dissolution process is seen from figure (3 -5 ,pl25). Where on
increasing the concentration of chloride, the increase in weight
of the foil is less by the reaction.
CuX + X"  CuX2” E(3-14)
For X = Br” , the experimental results (fig 3 - 6 ,pl26)
shows that the dissolution of CuBr is not so important. The
_2
equilibrium constant for equation E(3-14) is 2.8 XIO for X = Cl
and 4.5 X 10”  ^ for X = Br^^. Conversion of CuBr^" to further
81species is also less thermodynamically favorable .
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For chloride and bromide solutions, the corrosion 
rate of fresh copper surface is great (fig 3 -5,pl25; 3-6,pl26) 
and it is this fact which is used in the pulse plating
experiments. During the pulse, certain amounts of copper is 
formed which during the relaxation time reacts to give the 
copper (I) halide. Optimum production of CuX occurs when 
the relaxation time is sufficient to allow reaction of the 
monolayer of plated copper, but not so great as to allow 
dissolution of the halide layer.
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Sect (3-3.2) The Stoichiometry of the Reaction Forming 
Cup and CuBr During Pulse Plating:
Noting that formation of CuX occurs only in the 
relaxation time of the pulse by corrosion of the newly plated.
It is possible to obtain the stoichiometry of the reaction with 
respect to copper and halide ion and, thus, confirm that E(l-10, 
pl65) is indeed the overall reaction which produces CuX. Analysis 
of the layers formed gives the total copper content and the total 
weight of the deposit. The total charge passed is also known, and 
by coulometry of the reduction of CuCl, the amount of CuCl 
may be determined (see page 106).
Experiments have established that in steady-state plating 
under the same conditions, 100% of wt efficiency for plating 
copper is obtained (see page 117). If the total charge passed 
during plating is Q coulombs, the copper deposited is Q/2F g 
atoms where F is the Faraday. If Q2 coulombs are passed during 
reduction of CuG, the amount of CuCl formed is Q2/F mol. Let 
Y g atom of Cu° react with 1 g atom of Cl" during the 
formation of CuCl. Therefore , the amount of copper remaining 
after this reaction is
(Q/2F X 63.54 -  x ) g.
The total weight of the deposit is,
Wg = Q/2F X 63.54 -  Q2/F x x Y + 99.04 x ^
E(3 -15)
Where Q/2F x 63.54 = W E(3-16)pu
Q^/F X 99.04 = E(3-17)
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Therefore, the value of Y can be expressed as
^  = '^pc + ^CuG -  We  99.04 E(3-18)
63.54 X Wç,^ç.j
Therefore, the value of Y can be obtained experimen­
tally. Results during pulse plating in copper chloride gave 
Y = 0.53 -  0.09 (see table 3-6, pl60). For copper bromide, the 
coulometric reduction process could not be used since the CuBr 
deposit flecked from the electrode surface during the experiment. 
Thus the atomic absorption method was used to analyse the copper 
deposit layer.
The mathematical calculation in obtaining the value X,
using this method is as follows:
Assuming 'A' mole of Cu° reacted to give 2A mole
of CuBr as shown in the equation below
Cu° + Cu^+ + 2Br — 2CuBr E(3-19)
A 2A
Also = W -  W (reacted with bromide) + WE pc pc CuBr
E(3-20)
-  '^E = -  Wp^) A -  Wp^)2A^
Cu
E(3-21)
Where W ^^ = Weight of copper in deposit determined by atomic 
absorption spectroscopic method.
McuBr = Molecular weight of copper bromide
Mcu© = Molecular weight of copper
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Since Wg, ^ A A ’ ^CuBr knowns, therefore
the value of A can be determined from E(g-2l) using a quadratic 
equation formula. Also the value of Y can be determined since 
Y = A/2 and the results obtained are shown in (table 3 -7 ,p l6 l) . 
The mean value of Y obtained is = 0.50 - 0.02.
The values of Y obtained for both CuCl and CuBr 
pulse plating confirmed that E(l-10,pl65) is the general 
stoichiometric equation for the chemical reaction of copper in 
chloride, or bromide and Cu^^ containing solutions.
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Sect ( 3-3,3) Calculation of Corrosion Rates
The rate of corrosion at a fresh copper surface
may be determined from the formation of the copper (I) halide
at different relaxation times. If conditions are chosen such that
conversion to CuX is low, a constant corrosion rate may be
_2
assured.. Let mol m of copper be plated during the
period of the pulse T^^ sec, at a current density i Am  ^
Therefore
" c u  = Ton ^(3-22)
-1 -2At a corrosion rate of C mol sec" m" during the
-2relaxation period, T^^p ^CuX rn are formed, i.e.,
^CuX " ^ L f f  
Thus
"C ux/N cu = C/(i/2F) X ( T „ f f / V  E(3-23)
The ratio ^ q^x ^^Cu ^^^^culated for a single pulse
applies equally to any number of pulses. A plot of ^c^x^^C u
against should give, from its limiting slope at low
relaxation times, a value for the corrosion rate C. Fig ( 3-7,pl27)
shows such a plot for the corrosion of copper in 0.34 mol dm ^
CuSO^ and 0.34 mol dm"^ KÛ. The limiting corrosion rate is
1.10 X 10"^ mol m"^ s " \  which in term s of the increase in
2 —1 weight of a 8cm copper foil is 0.356 mg min . This rate is
drawn in Fig (3-5,pl25) as line A. It is seen that the rate of
corrosion by chloride stays close to the limiting value for several
minutes until the effect of dissolution becomes important.
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A similar plot for corrosion in bromide solution gave 
C = 9.30 X 10 mol m ^ s \ , o r  4.97 mg min  ^ for an 8cm^ 
foil (line A in fig 3-6,pl26). Thus for those metals which may 
be plated from solutions the pulse plating method may be used to 
give accurate values for corrosion rates at fresh metal surfaces.
The longest pulse on time used in the chloride 
containing solution in the experiments is 10ms with a constant 
current of 334mA. Theoretically, under this condition, approxi-
2
mately 0.682 monolayer of copper atoms will be plated on an 8cm
electrode per pulse. The calculation is shown as follows:
Atomic radit&^ of Cu° = 1.28 R 
Therefore area cover by one atom is
=  TT r^ E( 3-24)
= 3.14 X (1.28)^ X lO'^O
= 5.145 X 10"20
Total area (apparent) of electrode
= 8 X 10"^ m ^
Mole of copper plated per 10ms pulse at 0.34 A
Tpn X Current________ E(3-25)
Faraday x 2
= 10 X 10~^ ^ 0.34 X
96490 2
= 1.76 X 10"^ g mole
Total number of atom is
= No of mole x Avogadro number E( 3-26)
= 1.76 X 10'® X 6.024 x 10^®
= 1.106 X 10^^
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Therefore area cover by 10ms pulse is 
= no. of atoms x area of one atom E(3-27)
= 1.106 X 10^^ X 5.145 X 10"20 
= 5.458 X lo"^  m ^
Therefore the number of monolayer of copper deposited is
Area convered by all atoms= -------------------------    E(3-28)
Total (apparent) area
5.458 X lo'^
8 X
= 0.682
In practice, for each pulse the copper atoms might 
be deposited in more than 0.682 layer but cover a smaller area. 
Also the following pulse might be deposited at different surface 
of the electrode. Thus the electrode surface will be completely 
covered after a number of pulses. In the case of bromide 
containing electrolyte, the pulse length used was 30ms and with 
the same current. Thus for every pulse, there were- more than 2 
layers of copper atoms deposited. :
The corrosion of the plated layers of copper atoms 
to form the solid copper halide probably takes place in the 
following manner. Initially the surface layer of the newly 
deposited copper atoms will be reacted with the corroding 
reactants. When the first layer of the deposit has been 
corroded to copper halide solid (CuX), the corroding reactant 
will have to move through the product to reach the inner layer 
of the deposit to react. As the product grows thicker, the
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corroding reactant will find it harder to reach the inner Cu°. 
Therefore, the corrosion reaction will slow down. Thus, the rate 
of the corrosion of copper atoms to CuX can be considered to 
be inversely proportional to the amount of solid product formed 
i.e.
d(CuX) ^  1 E(3-29)
dt (CuX)
or
d(CuX) .^CuX E(3-30)
~ B t  ■ (CuX)
Re-arranging E(3-30) and integreating it the solution is 
[CuX] = * E(3-31)
I
Where k and are constants, t is the total
CuX formation reaction time and [Cu)^ is the number of mol m 
The above relationship of E(3-31) will hold when the 
dissolution of the product is not significant. E(3-3l) shows that 
a plot of [Cu)Q V s. [\f~t~ should be linear if the above 
hypothesis is right. Figures (3-8, pl28) and (3-9,pl29) show 
that the linear relationship hold. In addition, in an electrolyte 
with the bulk concentration of CuX^^ = 0.34 mol dm  ^ and 
C r  = 0.1 mol dm"^, the value of was found to be
1.573 X 10"^ mol m"^ s"^. (from fig 3-8,pl28). In a bromide 
containing solution with the concentrations of Cu^^ = 0.34 
mol dm"^ and Br~ = 0.1 mol dm"^ or 0.34 mol dm“  ^ the
value of _ were found to be 4.62 x 10"^ and 1.284 x 10"^
CiU A
(fig 3-9,pl29) mol m s respectively. This shows that the rate 
of reaction of Br" is greater than Cl“ in the corrosion 
reaction.
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Sect ( 3-3.4) Reaction occuring during relaxation tim e:
Cu"^  + c r  — — ^  CuCl E(3-32)
k + -
CuCl"  ^ + Cu° * Cud + Cu"^-^ 2CuCl E(3-33)
o CuCl^
Cud 2 + C u  ^2C uC l E(3- 34)
o ^CuCl"
CuCl 3 + Cu^ —----2^2CuC1 + Cl" E(3-35)
2-  o ^CuCl^"
CuCl 4 + Cu" —— ^ 2 C u C l + 2C1" E(3-36)
ClCI + Cl" -^ ^Cl. .^  Cud ~ E (l-7 ,p l9)
From the above equations, the rate of formation of
copper (I)  chloride can be written as follows:
d(CucD ^ [Cu+] [ c r ]  + [CuCl+]
+ ^CuClg [CuCl^ + [CuClj ]
.  k c ^ C l / -  [CuCl f  ] -  kcuc, [C1-] E( 3-37)
Equation E(3-37) shows that the rate of formation of
CuCl is directly proportional to the concentrations of Cu^, Cud^,
—  2 —CuCl CuCy, and CuCl ^ . Also inversely proportional to concen­
tration of Cl". The computer calculated results (fig 3-20 to 3-22, 
pl40 to 142) show that the equilibrium concentrations of CuCl^ 
are significantly higher than the rest of the complexes at the bulk 
concentration of Cu^^ between 0.34 to 0.68 mol dm and Cl of
_g
less than 0.5 mol dm
Thus the rate of formation of copper (I) chloride of E(3-37,pl74)
can be simplified to
d(CuCl) _  ^CuCl'^ [CuCl"*"] E(3-38)
dt
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Therefore, a plot of concentration of [CuCl^] v.s.
will yield a straight line. For the experiment carried out with Cu 
concentrations of 0.34, 0.5 and 0.68 mol dm"^ and Cl" concentra­
tions of less than 0.5 mol dm a straight line plot was obtained 
as shown in figure (3-29,pl49). The rate constant ^CuCl'*' which is 
the gradient of the curve was found to be equal to 6.56 x 10"? ^  s"^.
The corrosion rate of each particular bulk concentration of Cu^ '*’
-3 -between 0.34 and 0.68 mol dm and Cl of less than 0.5 mol dm 
can be estimated from this plot. For the bulk concentration of 
Cu^^ = 0.34 mol dm the computer calculated value of the 
equilibrium concentration of CuCl^ is 2.251 x 10"^ mol dm"^.
Therefore, from figure ( 3-29,pl49) the rate of formation of CucJ 
or also known as corrosion rate is 1.44 x 10"^ mol m ^ s \  This 
value is reasonably closed to the value of the limiting corrosion 
rate evaluated by the previous method (see page 170) i.e. equal to 
1.10 X 10 ^ mol m ^ s
The above results indicated that during the relaxation time, 
the rate of formation of CuCl is directly proportional to CuCl^ 
when CuCl^ complex is the predominant species in the chloride 
containing solution.
Other possible reactions instead of E(3-33,pl74) which also 
involved CuCl" ,^ Cu° and Cl" during the relaxation time are as 
follows:
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oCu + Cl CuCl + e E(3-4,pl21)
CuCl*^  + e —- CuCl E(3- 6 ,p l22)
The above reactions are localised electrochemical corrosion 
reactions. The rate of formation of copper (I) chloride in this 
case is the same as E(3-38,pl75). The pulse deposited copper acts 
as an electron sink area at which the dissolution of copper occurs. 
The interfacial CuCl^ ions will consume the electrons liberated by 
the copper dissolution process. For these two processes to take 
place simultaneously, it is necessary and sufficient that the potential 
difference across the interface be more positive than the equilibrium 
potential of the Cu° corrosion reaction i.e. E(3-4) ^nd more 
negative than the equilibrium potential of the reduction of 
Cud* of E( 3-6).
The experimental results on table (3-8 ,pl62) show that four 
out of nine of the measured rest "corrosion” potential difference 
across the interface fall within the two calculated "corrosion" 
equilibrium potential values. These values are the E^ , and E^ 
of reactions E(3-4) and E (3-6) respectively (see pl21 for the 
calculations). Thus this suggests that it is not possible to confirm 
that the copper (I) chloride formation reaction is a chemical 
reaction according to E( 3-33,pl74) or a localised electrochemical 
corrosion reactions [i.e. E( 3-4,pl76) and E(3-6,pl76) ].
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The above observations suggest that more investigations are 
needed to confirm the mechanism of the corrosion reaction during 
relaxation time. In addition more accurate values of the activity 
coefficients of the chloride containing copper sulphate solutions 
might be needed. It is assumed here the activity coefficients 
of the chloride containing cupric sulphate is equal to the activity 
coefficient of the pure CuSO^ solution, at equal total Cu^^ 
concentration. This assumption might not be accurate enough for 
the calculations of and E^ .
The computer calculated results of the equilibrium concentra­
tions of free Br”, free Cu^^ Br^ and CuBr2 complexes vs. the Br 
bulk concentration plots, have the same general trend - as in the 
chloride plots (sse figure 3-23 to 3-28,pl43, to pl48). This is only 
true when both the Cl” and Br” containing solutions have the same 
Cu^^ bulk concentration and same Cl and Br ions bulk 
concentration. Since the equilibrium concentrations have
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similar trend, this might suggest that the reaction mechanism of 
copper (I)  bromide formation during the relaxation time is probably 
similar to chloride case. This is further supported by the overall 
copper (1) halide formation reaction equation E(l-10,pl65) which 
is applicable to both chloride and bromide containing solutions.
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Sect( 3-3.5) Reactions of Copper Deposition Process During Pulse 
Plating.
During the pulse plating of pure copper in acid copper sulphate
solution, the mechanism of the deposition is shown in equation
E(l-l,l-2,p6) i.e.
Cu2++ e Cu* E(l-l)
Cu* + e —  Cu° E(l-2)
The % weight efficiency of the copper deposition based on
Faraday's Law of electrolysis decreased as the pulse length is
shorter and the relaxation time is longer in acidic copper sulphate
solution (fig 3-10,pl30). This is probably due to the double layer
charging current effect and also corrosion of the deposited copper
by the acidic enviroment. The trend of the decrease in efficiency
of the results obtained (fig3-10,pl30) agreed with those obtained 
83by Cheh et al . Their % efficiency by weight is lower than those
obtained in this experiment. This is probably because they were
using a rotating disk electrode. Thus this will accelerate the corrosion
rate during relaxation time since the shear force acting on the
rotating electorde is greater than a stationary electrode. It was
83observed by Cheh et al that the amount of copper deposit 
corroded in their experiments depended on the rotation speed of the 
disk electrodes.
From the above experimental results (fig 3-10) it was decided 
that the minimum pulse length used in the experiments with 
different chloride or bormide containing electrolytes was 2ms. The 
% weight lost due to enviromental acidic corrosion was corrected 
for each experiment.
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There are four possible species form(5i(which Cu° would be 
deposited from halides containing solutions. The most commonly 
known is the Cu^ ions as shown in equation (3-7,pl22). The 
other three complexes which could be involved in the deposition 
processes are shown in the following equations:
CuX+ + 2 e  » C u °  + X" E(3-39)
CuXg + 2 e  ^ C u °  + 2X" E(3-40)
CuXg" + 2 e -------   Cu° + 3X" E(3-4l)
The theoretical electrode potentials of the copper electrode 
reactions of E(3-7,pl22), E(3-39) and E 3-40) were calculated at 
different bulk concentrations of Cu^^ and Cl” (see pl24). This 
was carried out by assuming that the electorde potentials due to 
each species in the solution is not affected by the presence of 
the other species. The concentration of each species is obtained 
from the result of the computer program. The activities of each 
species were than used in the calculations.
The activity coefficients of the pure acidic Cu '^*’ solutions
at different concentrations were obtained from CRC Hand book
87 87of chemistry and physics . These values were then assumed to
be the same activity coefficients of the chloride containing solutions
which had the same Cu^^ concentrations.
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From table (3-9,pl63) the electrode potentials of the CuCl'*’ 
and CUCI2 deposition reactions are slightly higher than the 
electorde potentials of the deposition reaction at each
particular Cu and Cl bulk concentration. This suggests that 
the free Cu ions are more stable than the complexes. Therefore, 
thermodynamically the complexes are more likely to plate than 
free Cu^^. The electrode potentials of the three reactions also
decrease as the bulk concentrations of the C l” increase. Thus
this indicates that the free Cu^^, CuCl^ and CuCl 2 become more 
stable at higher bulk Cl concentrations. The table also shows 
the measured mixed electrode in some of the experiments. These 
mixed potentials could not be used in comparing with the 
calculated equilibrium value. This is because the galvanostatic 
pulse technique used was affected by the copper halide formation 
reaction during the relaxation time.
From the computer calculated equilibrium concentration
results, (fig3-20 to 3-22,pl40 to 142) show that at different 
bulk concentrations of Cu^^ and Cl”, the copper complexes, CuCl'*’, 
Cud 2 and CuCl 3”  are present. Also figures (3-23 to 3-25,pl43 to 145) 
show that free Cu^* ions are present. Therefore, it is quite likely 
that the electordeposition of Cu° during pulse on-time involves the 
Cuf+, CuCl'*’, CuCl2 and C ud3”.
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Sect (3-3.6) The Production of Sea-Water Battery Anodes
Pulse method may be a useful method for the production 
of copper chloride anodes for reserve sea-water batteries. Various 
types of copper (I) chloride electrodes i.e. high conductivity 
(could be used in high power battery) or low conductivity can 
be easily manufactured without much alteration of the production 
procedures^ by changing
the pulse length and relaxation time combinations or the tempera­
ture of the plating bath or the chemical composition of the bath.
Figures (3-11 to 3-16,pl31 to pl36) show the copper ( l)  
chloride electrodes which have different discharge rates i.e. 
different conductivities or power output. These electordes were 
obtained with different pulse combinations. At constant pulse length 
temperature and concentration of solution, the discharge rate or 
conductivity of the electrode is inversely proportional to relaxation 
time. This is because more pulse deposited Cu° been reacted to 
form Cu (I) Cl (fig 3-17,pl37) or Cu (l)Br (fig 3-18,pl38) as in 
the case of bromide containing solution.
This method also does not seem to consume much energy in 
the production of copper (I) chloride. The energy is mainly used 
in pulse plating and maintaining the temperature of the plating 
solution (i.e. within the range of 298k° to 313°k). The other 
methods such as the extrusion of the copper chloride mixture melt 
and the dipping of copper plate into molten copper (I) chloride, 
the amount of heat energy used in the melting of copper (I) 
chloride seem to be considerable higher than the total energy 
used in the pulsed method.
-  183 -
Sect(3-3.7) Structure of The Copper Halide Deposits
The copper foil electordes used in this work were oriented 
along the (200) plane (fig3-30,pl50) table (3-2,pl56). From the 
X-ray results (fig3-31,pl5l) table (3-3,p i 57),copper bromide appears 
to have been deposited with the (200) plane upper most. The 
X-ray results of the copper ( l)  chloride (fig3-32,3-33,pl52,153) 
table (3-4 and 3-5,pl58,159) do not indicate that copper chloride 
have been deposited with the (220) plane uppermost.
Copper crystallizes in a face-centered cubic arrangement 
with a unit cell length of 3.615°A^^. The (200) plane of copper 
is shown in figure (3-34,pl54). Copper bromide exhibits a zinc 
blende structure in which copper is found in tetrahedral holes 
formed by bromide ions with a = 5.691°A^^.( Rg 3-35,pl54)gives 
the (220) plane of CuBr in which the radius of Cu^ and Br 
are 0.96°A, respectively^^. It is seen that the Cu -  Cu distance 
in the X direction of the two planes is quite similar (3.6 A° in 
copper and 4.0 A° in copper (I) bromide), and thus, a CuBr 
lattice  may be built up the insertion of bromide ions with 
a limited relaxation of copper ions from the underlying lattice.
Such an obvious orientation is not seen with CuCl. Dissolution 
of CuCl as CuCl2~ may result in the re-organization of the 
CuCl layers.
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Sect(3-3.8)
The Computer Program Used In Determining The Equilibrium
Concentrations of the Complexes and Ions:
The following equations show the various complex formation
equilibrium reactions when a copper foil is immersed in a solution
containing halide and Cu^^ ions.
Cuf+ + - CuX"" E(3-42)
CuX"*" + X” = i = s - C u X ^  E(3-43)
K3
CuX^  + X~ ^  CuX2 E(3-44)
CuX^" + X~ CuX^^~ E(3-45)
Cu° + Cu^"^^~r2Cu'*" E(3-46)
Cu"*" + 2X".=;M=r,CuX '  E(3-47)
CuX^" + X" ^  CuX E(3-48)
Cu"^  + X" JT - ^  CuX E(3-49)
The stability constants of the above reactions (i.e.when X
—  — 81 = Cl”or Br ) were obtained from the stability constant book .
The equilibrium constants of the reactions were calculated
from the known stability constant values. Examples of the
calculations are as follows:
(A) The stability constant for the reaction
Cu^* + r.r-    CuCl* E(3-9,pl22)
is = 2.8.
Therefore the equilibrium constant is the antilog^^of 2.8 
that is equalled to 630.960
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(B) The gross constants jS 3 for the following reaction.
CuCl” + Cl” CuClg” E(3-50)
The p 3 values for the preceding two reactions is 
4.60. The following gross constant formula is used in the 
calculation.
P - ~ - IT
i=l
Ki E(3-51)
or
j3 n = X X Kg K^ E(3-52)
therefore, in this example,
log ^ 'g= log X log K^
or log K^ = log p'g -  log j3  ^
therefore, = 12.59
The calculated equilibrium cosntants for the most likely 
reactions (i.e. E3-42 to 3-49) to occur in a solution containing 
halide ions, Cu^^ and Cu° are shown on table (3-10,pl64). The
total amount of the halide and the Cu^^ ions are known, (i.e.
assuming no significant amount of solid Cu° dissolves into 
solution). Also there must be charge balance in the solution. 
There are 8 unknown species in the solution and there are as 
follows:
Cu^ "*", X , CuX , CuX 2 rCuX 3 , CuX^ , CuX£ , CuX 3 
Therefore, with the eight interconnected equilibrium reaction 
equations and their known equilibrium constant, it is possible to 
calculate the equilibrium concentrations of each particular 
complex and ions.
-  186 -
A computer program was written by Dr. Hibbert and was 
adopted to use in solving the above problem. This program is 
only valid if the amount of Cu(X) formed is small, as the loss 
of X or the increase in Cu^^ is not taken into account.
A binary search routine converging technique which uses 
the fact that 0 < [Cu^^] free ^ [Cu^^] total was used in the 
program. A list of the program is shown in the appendix Page ( 291 ). 
The following page is the simplified flow chart of the program.
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Figure 3-36
No yes
End= Total
Adjust values 
of free Cu^ "*^  
Cl“
Sum all
Sum all
Input known total
Cu' cr
free Cl""
Guess free Cu'
Calculate complexes 
and ions from 
equilibrium constants
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CHAPTER 4
Studies of the Addition Agents in Copper Deposition: 
Introductions:
Studies of bright copper plating with addition agents
have been carried out by various authours^^’^ ^’^^^. Very
often investigation covered only a specific area such as the
study of the effect of some addition agents on the kinetics
of copper electrodeposition from a sulphate bath by Turner
and Johnson^^or the effect of thiocompounds on the
57structure of copper electrodeposits by Barnes .
The studies carried out here involve not only the 
kinetics of electrodeposition of copper but the various other 
related subjects including the morphological studies of the 
deposits. The steady state overpotential build up time was 
examined . The double layer capacitance during the pulsed 
plating of samples which were used for morphological 
studies were also examined. The characteristics of each 
of the addition agents were examined by cyclic voltammetric 
method.
The inclusion of the sulphur atoms or compounds 
in the deposits was also investigated.
Composition of the acidified copper electrolytes 
with addition agents used, were either obtained from 
the United States Patent papers^^’^ ^^or the heterocyclic 
compounds such as imidazole and histamine.
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Part (4-1) EXPERIMENTAL 
S ec t(4 - l . l )  Materials:
Anodes:
The anodes used were 4 x 10"^ m x 4 x 10"^m copper 
foil (BDH 99.999%) for all the experiments except the cyclic 
voltammetric experiments. In this experiment, the anodes used
were the pure platinum foil (Johnson Matthey 99.999%). The
—2 —2 dimension of these anodes was 2 x 10 m x 2 x 10 m.
Cathodes:
The cathodes used in all the experiments were
—2 -2  2 X 10" m X 2 xlO" m pure copper foil.
Salt Bridge:
The same type of salt bridge was used as those described 
on page 102.
Chemicals:
The analar grade (BDH) and reagent grade (BDH) chemicals were 
used in the experiments. The reagent grade chemicals used are 
imidazole, histamine, janus green B, thioglycolic acid, dimethyl 
thiourea, propionamide and polyvinyl alcohol. No further purifications 
were carried out on any of the chemicals used.
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Electrolytic Cell:
The electrolytic cell used was made of glass and 
is shown on figure(4-l,p200).
Reference Electrode:
The reference electrode used in the experiments was the 
same saturated calomel electrode described on page (lOl).
Sect(4-1.2) Electrode Pre-treatment:
The cleaning processes of the electrodes used were the 
same as those described on the chloride experiments (pl04).
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Sect(4-1.3) Measurement of Overpotentials at Different Current 
Densities:
The experimental set up consists of the electrolytic cell 
(fig 4-l,p200), the ministat (Thompson Associate 125) the 
oscilloscope and the pulse generator (CERBl, chemical electronic 
Co). The circuit diagram of this system is shown on page 201 
(fig 4-2).
In the study of the relationship between cathode over­
potentials and current densities, a pulse on time of 30ms and 
relaxation time of 0.7 ms was used. A train of galvanostatic 
rectangular wave pulses was produced by the pulse generator.
A time of less than one minute was used for reœrdi’ng 
a single set of current density, potential difference and IR drop 
of the working electrode. This was carried out in order to 
minimise the change of working electrode surface.
Experiments were carried out at 25°C -  0.5°C 
and with different electrolytes. Compositions of electrolytes 
are shown on page 247 (table 4-3). Solutions were purged 
with and vigorously stirred.
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Sect(4-1.4) Electromicroscopic (EM) study of the Deposits ;
The deposits were obtained using the same ex­
perimental set ups shown in figure (4-l,p200). The pulse 
on time and relaxation time used were 30ms and 0.7ms 
respectively. The electrodepositions were carried out 
with different electrolytes and at different current densities. 
The electrolytes were purged with and maintained 
at 25°C - 0.5°C.
Equal amount of deposits were plated on all 
the working electrode i.e. (0.0386g). As a result, all 
the deposits obtained probably had the same thickness.
The electroplating time used for obtaining 0.0386g of
-2the deposit at 6.25 mA cm” was 40 minutes. There­
fore, for the subsequent higher current densities used 
in the electrodepositions, shorter plating times were 
required.
Deposits were subsequently rinsed in distilled 
water and dried in an oven (i.e. at 35°C -  0.5^C). The 
drying process took about 45 minutes. Dried de­
posits were stored in a bottle which had been purged 
with N^.
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Small pieces of deposits (0.5cm x 0.5 cm) were 
cut from the centre portion of cathodes. These pieces 
of deposited cathodes were then used in electrom icro­
scopic study. These observations were carried out at 
different magnifications such as x 1000, x 5000, x 10,000, 
Frequently, micrographs of deposits were taken.
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Sect(4-1.5) Capacitance Measurements:
The initial linear increment of potential difference 
with time ( i.e 20 jus < ) of the working electrode was 
measured . Measurements were taken during the pulse 
plating process in obtaining deposits for electromicroscopic 
study.
Results obtained were then used to calculate the 
double layer capacitance of working electrodes which were 
used in electromicroscopic study. Calculated results are 
shown on table (4-4,p248) .
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Sect(4-1.6) Steady State Overpotential Time ( Tss):
The operating conditions (i.e. on time, relaxation time, 
temperature, purging and stirring)used were similar to those 
in the E.M. study experiment. The experimental set up was 
also the same.
In this experiment, the time for the overpotential 
(i.e. potential difference -  IR drop) to virtually attain its
steady state  value was recorded. The Tgg values were measured
-2 —2 at C.Ds range from 6.25 mA cm to 62.5 mA cm” .
This experiment was carried out in four different solutions 
and using different copper cathodes on each occasion. The com­
p o s i t io n s  of the electrolytes and the results obtained are 
shown on table (4-12,p256).
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Sect(4-1.7) Cyclic Voltammetric Plots:
Platinum anodes and pure copper cathodes were used 
here. The circuit diagram of this experiment set up is 
shown on fig (4-2, p20l) . Electrolytes were stirred and 
purged with N^. The SCE reference electrode was used.
A working electrode was placed closed to the tip of agar- 
agar salt bridge' in order to minimise ohmic drop. Copper 
sulphate was not added into the electrolytes and compositions 
of these solutions are shown on page (245,246) .
The copper working electrode was initially poten- 
tiostatically swept from -72 mV t o -351 mV vs. SCE . 
Subsequently direction of the voltage scan was reversed.
The sweep rate applied was 40 mV S  ^ and the cyclic 
triangular wave was used. Results obtained are shown on 
figures (4-1, 4-2, p245,246) .
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Sect(4-1.8) Sodium Azide Test:
Deposits used for this test were obtained 
using the same method as those deposits obtained for 
EM study.
will be liberated immediately when a trace of a 
sulphide, thiousulphate or thiocyanate is added into a solution of 
sodium azide and iodine. The above trace compounds each acts 
as a c a t a l y s t . T h e  chemical equation for this reaction is 
as follows:
2Na N3 + I2  2NaI + SNg E(4-l) .
Sodium . azide-iodine reagent was prepared by dissolving 
3 g of sodium azide in 100ml of 0.1 N iodine. A 3mm square 
sample was cut from the deposited working electrode. This 
sample was then dropped into 10 ml of sodium azide-iodine 
solution. Qbservation of N2 evolution was then carried 
out. The above procedure was repeated with deposits obtained 
from different electrolytes or at different C.Ds.
C.Ds. used in the galvanostatic pulse plating process
2
were 3.75, 6.25, 12.5 and 62.5 mA cm" . Different electrolytes 
were used in the depositions^ and the compositions are as 
follows:-
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(0 Cu = 80.0 0 g dm ^
H2SO4 = 196.0 0 "
(ii) = 200.0 0 "
H2SO4 = 15.0 0 "
Dimethyl thiourea = 0.030 "
Janus green B = 0.05 "
(iii) = 80 "
H2SO 4 = 196. "
Thioglycolic Acid = 0.01 "
N ad  = 0.05 "
Propionamide = 0.10 "
Ploy vinyl alcohol = 0.06 "
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Sect (4-1.9 ) Detection of CuS by Spot Tests :
Small pieces of deposits (4mm x 4mm ) were cut 
from the same plated electrodes which were used for 
sodium azide test. The samples were placed on a spot 
plate which was placed in a fume cupboard. Then a drop of 
pottasium cyanide was applied on the sample. The concentration 
of KCN solution used was 0.1 mol dm~^ .
The colour changes of samples were then observed 
and recorded . Electrolytes and current densities which 
were used to prepare the deposits are shown on page 198. 
Results obtained are shown on table (4-14,p258).
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Part(4-2) RESULTS AND CALCULATIONS
Sect(4-2.^ Relation between Cathode Overpotential Tic and
Current Density (i)
The cathode overpotential data '(iR  co rrec ted )vs  log^^i data 
were plotted as shown in figures (4-6 to 4-ll,p219-224).
Each figure represents the T] vs log^^i plots for. each 
type of solution. All these figures show good linear 
Tafel relations except with those experimental results 
obtained from solutions containing dimethyl thiourea 
and thioglycolic acid (fig 4-10,4-11,p223-224).
Five sets of experimental overpotential and 
current density results were obtained from acidic cupric 
sulphate solution without any addition agents. For those 
solutions which contained addition agents, twa.or three 
sets of experimental results were obtained for each 
solution (table 4-4,p248). For each set of the results, a 
different copper electrode was used. In general these 
results are fairly reproducible for each particular composition 
of solution.
The solution compositions for these figures mentioned 
above are shown in Table (4-3,p247). Exchange 
current densities and transfer coefficients were 
evaluated using the Tafel equation (E2-32,p77) and the above 
cathode overpotential vs. log^ ^Qi plots. The Tafel equation 
is as follows:
^  = A + B log i E(2-32,p77)
- 203 -
The a is determined from the slope B which is c
equal to 0.059V in this case. The i is obtained from 
den °
extrapolation to the current density axis at 7^  = 0
( A= Blog i ). The Q and i values obtained fromO C O
figures are shown on table (4-4,p248).
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Sect(4-2.2) Measurements of Double layer capacitance and 
Steady-State Overpotential T im e.
The double layer capacitance (C^j) of the  copper 
electrodes were calculated from equation (E2-ll,p50) 
i.e.
C = — L_ E (2 - l l )
dv/dt
where dv/dt is equivalent to the change of
overpotential with time (i.e. d7/ /dt) and i  i s  equivalen t
to the constant current density (i.e. i). dff/ d t
in this case is a measured initial rise of overpotential
with a time of a very short duration i.e. between 10 ps
to 20 ps (fig 4-5,p218).
Results (table 4-5 to 4-ll,p249-255)
obtained from the double layer capacitance experiments
show that the C values of the electrolytes containing 
dl
CuSO^ were generally higher than those electrolytes
containing addition agents. The values were in
2 —2 the range of 31.25 mF. cm to 40.o%xF cm at
different current densities. Also , results show that
in each particular type of electrolyte, the double layer
capacitance could vary at different current densities.
The steady-state overpotential time i.e
- 205 -
time that is taken for the overpotential to virtually
attain its steady state value (T^^) (see fig 4-4,p218),
was recorded at different galvanostatic pulsed current
densities and in different electrolytes. Results(table 4-12,
p256 ) show that for those solutions containing brighteners,
the are very much longer than for pure copper sulphate
solutions. Also as the current densities increase, the
T values decrease in most cases, 
ss
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Sect(4-2.3) Cyclic Voltammetric Analysis of Copper 
Electrodes in Solutions Containing Addition Agents
Experiments were carried out in 
stirred solutions containing different types of add ition  
agents. Some of which are known a s - e f f i c i e n t  b r ig h ten e rs ,  
such as dimethyl thiourea and thioglycolic acid^which 
have a ^c  — s group attached to the compound -The 
cyclic voltammograms obtained at a sweep rate of 40 
mV/s for a copper working electrode in each type of 
solution are reproducible. Typical voltammograms are 
shown in figures (4-39 to 4-51,p232-244). The com­
position of the solution for each figure is! shown in 
tables (4-1 ,4-2 ,p245,246).
The shape of the voltammograms of figures 
(4-39 to 4-42, 4-47, 4-49, p232-242) look similar and 
oxidations occur between approximately -72 mV to
-82 mV in both sweep directions. The o x id a t i te
_2
currents measured were less than 0.025 mA cm
The reductions occur between a variable potential
to -350 mV. All reducing currents measured were
_2
less than 0.025 mA cm . The solutions contained 
addition agents which are not brighteners or 
levelling agents. Also figures (4-39 and 4-40) 
were obtained from pure sulphuric acid.
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Figures (4-44,p237) and (4-45,p238) show that 
in acid solutions containing dimethyl thiourea and thiourea, 
the oxidation currents are significant ( > 0.7 mA cm~^). Also 
oxidation occurs predominantly between -72 mV to -215 mV 
(fig 4-44) and -72 mV to -255 mV (fig 4-45) in both 
sweep directions. Reductions occur in both sweep direct­
ions from -300 mV to -351 mV (fig 4-44) and -330 
to -351 mV (fig 4-45).
In the acid solution containing janus green (B), 
reduction occurs very predominantly in both sweep di­
rections (fig 4-43,p236). The maximum reduction current
_2
density measured was about 0.0688 mA cm
The voltammogram of an acid so lu tion  containing 
both janus green (B) and thiourea (fig 4-46,p236) shows 
that at potentials between -150 mV and -73 mV, oxidation 
occurred predominantly. Also at potentials between 
-195 mV to -350 mV reduction occurred significantly.
Figure (4-50,p243) shows that in a solution
of propanoamide and sulphuric acid, the oxidation current
measured was quite large between -72 mV to -82 mV
in both sweep directions. The reduction current densities
_2
were less than 0.019 mA cm throughout the 
reduction portion of the voltammogram.
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In solution containing only thioglycolic acid
and H2SO ^ ,in both directions of the sweep between
-255 to -72 mV, the oxidation reaction occurred very
significantly (fig 4-14,p241). The maximum oxidation
_2
current measured was about 0.275 mA cm" . At a
potential of > 290 mV and in a cathodic sweep, low
magnitude reduction current density was measured
(i.e. 0.003 mA cm"^).
In the acid solution containing thioglycolic
acid, propanoamide, polyvinyl alcohol and sodium chloride ,
oxidation again prevails in both sweep directions between
-255 mV to -72 mV (fig 4-51,p244). The maximum
oxidation current measured from the voltammogram
_2
was about 0.486 mA cm . Again very low reducing 
currents occurred at potentials between -290 mV to 
-350 mV.
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Sect(4-2.4) Electron Microscope Studies on Copper Electrodes 
in Sulphate Plating Baths with and without Addition Agents:
Measured grain sizes and the macroscopic appearance of the 
deposits are tabulated, tables (4-5,p249 to 4-ll ,p255) .
The deposits were obtained from various plating baths and at 
different current densities.
Micrographs of the deposits (4-12,4-14,4-15,p225) obtained 
with the  s tereo  scan electron microscope were use in  the 
. estimations of the grain sizes. The longest length of 
six grains in a micrograph were measured with an accurate 
ruler. Equation (E2-18,p63) was then used to calculate the 
actual lengths of these grains and the results were taken 
to be thegrain sizes. The standard deviation and mean of six 
grain sizes were calculated. The following are various 
micrographs of the deposits obtained from different plating 
baths.:
Figures (4-12 to 4-15,p225) are micrographs of deposits
-3 -3obtained from 0.321 mol dm CuSO  ^ and 2.0 mol dm
H2Sq^ solutions. Figure (4-12,p225) shows that at 6.25
mA cm “^ the grains have square-based pyramids growth.
The central portion of these grains consist of square base
pyramids. At some distance from the peaks, layers become
visible. Also thickness of the layers increases as they spread
across the surface towards
........................ continue
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the edges of the face. The average grain size measured is
large (i.e. 12.12- 1.75 un, table 4-5,p249).
_2
At 25 mAcm , the pyramidal features of the grains
is no longer visible. The grains have irregular shape (fig4-13,p225). 
_2
At 50mAcm , the grains are more distinctive and like boulders
of irregular shape. Also macroscopically rough edges begin to
appear on the electrodes. The average grain size is slightly
bigger (i.e.4.17 -  0.68) than those obtained at 25mA/cm^
(i.e. 2.99 -  0.333 j^m).
At the highest C.D. carried out on these experiments 
_2
(i.e. 100mAcm ), the boulder-like grains had truncated into 
clusters of grains which appear like cauliflower (fig4-15,p225).
The grain size has increased to about 6.1 jum.
Macroscopic appearance of the above deposits
-2  -2  obtained at current densities of 6.25 mAcm and 25 mAcm
—2 —2 were smooth and dull. At 50mA cm and 100 mA cm ,
edges of the electrodes were rough and deposits were
a dull metallic copper in colour.
m
The micrographs of those deposits obtained in,
321 mol dm"^ CuSO^, 2.0 mol dm~^ H a n d  3.21 x lO" 
ol dm  ^ imidazole, are shown in figure(4-16 to 4-18,p226).
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Reasonably large grains [i.e. 6.3 -  0.970 Aim table (4-6,p250)]
of boulder type were observed on the deposit obtained 
_2
at 6.25 mA cm . At higher current densities, grains of 
smaller sizes and irregular shape were formed. Some of them
grouped together and formed a lump (fig 4-17,4-18,p226).
-2  -2 At 50mA cm and 100 mA cm the deposits around the
edges of the electrodes were rough.
Table 4-6 (p250) shows that macroscopic
appearance of the deposits obtained were similar to those
plated from 0.321 mol dm  ^ pure CuSO^ solution.
Figures (4-19 to 4-22,p227) show surface
features of the deposits obtained from 0.321 mol dm  ^ CuSO ,
4
-3 -3 . .2.0 mol dm" and 0.000321 mol dm histamine. At the
lowest current density, the deposit has a boulder type of
grain . The grain size is 14.51 -  1.274 (table 4-7,p251).
_2
At current densities of 25, 50 and 100 mA cm" , the deposits 
again have irregular shape grains (4-20 to 4-22,p227) and 
their average grain size is less than 1.91 -  0.448 ^im (table 
4-7, p25l). The physical appearance of the deposits obtained 
at 100 mA cm"^ had rough edges aound its electrode. At a 
lower current density the deposits were dull and smooth.
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In a solution containing 0.802 mol dm“  ^ CuSC^,
0.153 mol dm H^SO^ and 0.050 g dm  ^ Janus green B
the forms of grains obtained are shown on figures (4-23 to
4-26,p228). At the lowest current density surface feature
of the grains is quite similar to those grains obtained from
histamine -  CuSO^ solution at current densities of 50 mA cm"^ 
-2and 100 mA cm . Grains obtained at higher current 
density are smaller than those obtained at 6.25 mA cm“^
(table 4-8 ,p252). The grains seemed to be more rounded 
in shape since their protrusions from the base
are no longer pyrimidal in shape (fig 4-24 to 4-26,p228). 
Macroscopically at all current densities, no rough edges had 
been observed on the deposited electrodes.
The micrographs of the deposits obtained from solutions 
containing 0.000289 mol dm~^ dimethyl thiourea, 0.802 CuSO^ 
and 0.153 mol dm~^ H2SO are shown on page 229. Figure 
(4-27,p229) shows the grains present on a. brown-precipitate 
type of deposit. The shape of the grains is spherical and they 
cluster in lumps. The grain average size is quite small 
[0.52 - 0.06 pm, table(4-9, p253) ]. Macroscopically, the 
deposits consists of 2 different types. One of which is the
dark brown precipitate type and the other a bright
—2 —2 deposit. The deposits obtained at 25 mA cm" and 50 mA cm
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also have the same macroscopic appearance. The micrographs
of bright deposit type (4-28 to 4-30,p229) show that grains
of deposit obtained at current densities greater than 25 mA cm"^
are spherical. Also they do not cluster into big lumps.
In addition, the grains form a reasonably smooth microscopic
_2
surface. At 100 mA cm , macroscopically only smooth 
bright deposits wiere observed and no rough edges occured 
on the electrodes.
Deposits obtained from solutions containing 0.000289
-3 -3mol dm dimethyl thiourea , 0.802 mol dm” CuSO^
0.153 mol dm  ^ HgSO^ and 0.05 g Janus green B, are shown
on figures (4-31 to 4-34,p230). Grain sizes are shown on
table (4-10,p254). The deposit obtained at 6.25 mA cm ”
has small spherical grains (1.67 -  0.24 jum ). Grains cluster
together and also appear like cauliflower. At higher current
densities, the average grain sizes are smaller (i.e. 0.71pm <)
and do not form a cauliflower type of deposit (fig 4-32-
to 4-34,p230). Macroscopically only one type of deposit is
present on each electrode at all current densities. Only
_2
bright deposits obtained at 100 mA cm” and the micro­
scopic surface of this electrode appears to be reasonably 
smooth (fig 4-34,p230) ..........
continue next page
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Figures (4-35 to 4-38, p231) show the surface features 
of deposits obtained from thioglycolic acid containing 
solution. The composition of the solution is as follows:
Thioglycolic acid = O.OlOg dm”^
Polyvinyl alcohol = 0.06 g dm ^
Propanoamide = 0.1 g dm ^
Na Cl = 0.05 g dm ^
CuSO^ = 80 g dm ^ -3
2
At current density of 6.25 mA cm” , the deposit consists of
small spherical grains and spongy precipitate types (fig4-35,p23l).
The average size of small spherical grains is taken to be
the grain size [i.e. about 0.86 pm, table (4-ll,p255) ]. Deposits
_2
obtained at 25 mA cm appear to consist of small
grain type (fig 4-36,p231). The microscopic surface of the
deposit is relatively smooth and is bright.
-2At 50 mA cm , the deposits obtained are microsco­
pically very smooth and it is impossible to measure the grain 
sizes. Also, there are cracks present on the deposits (fig 4-37, 
p231). Macroscopically, the deposits are very bright and no 
rough edges were formed on the electrodes.
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Figure (4-38,p231) shows thà; deposit obtained at 
_2
100 mA cm has large grains and appears to be oval or egg 
shaped. They also appeared to be very smooth and grouped 
together to form a dough-like structure. No cracks were 
observed on the deposits obtained at this current density. 
Macroscopically, deposits were bright and edges of it 
were smooth.
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Sect(4-2.5) Sodium Azide Test;
A solution of sodium azide (NaN^) and of iodine (KI^) 
does not react by itself. On the addition of a trace of 
a sulphide, thiosulphate or thiocyanate, which act as 
a catalysts , there is an immediate evolution of 
( see E(4-l),pl97).
A small piece of copper deposit (see pl97 for 
experimental detail ) was dropped into 10 ml of NaN^ + KI^ 
solution. It was to observe if would evolve.Results
(table 4-13,p257) show that all deposits obtained at 
different current densities and from electrolytes containing 
- S brighteners were embedded with either sulphide, 
thiosulphate or thiocyanate. No was evolved when 
deposits obtained from pure acidic copper sulphate solution 
and pure copper foil were tested.
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Sect (4-2.6) Detection of CuS by Spot Tests:
The experimental results obtained from this test 
are tabulated (table 4-14,p258) .Most of the samples obtained 
from deposits plated in solution containing brighteners reacted 
with KCN solution. They changed from their original colour 
(i.e. bright, dark brown and brown/yellow) to black when 
in contact with KCN solution. In addition, tiny bubbles 
also appeared on the surface of samples.
The tests carried out on those samples which 
were obtained from acidified cupric sulphate solution had 
no apparent reaction with KCN solution. This also applies to 
pure copper foil samples.
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Fig (4-3)
Response for over 
-po ten tia l  m easurem ent 
showing IR drop 
X-axis = 5 ms 
Y-axis = 20 mV
Fig (4-4)
Response for s teady s ta te  
overpotentia l t ime 
m easurem ent 
X-axis = 0.1 ms 
Y-axis = 20 mV
i
Fig (4-5) 
Response for double 
layer capac itance  
m easurem ent 
X-axis = 20 ps 
Y-axis =100 mV
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Figure: (4-12)
Magnification: x 2 .IK
Current Density: 6.25mA cm
M Pm
-2
Figure: (4-13)
Magnification: x IIK
Current Density: 25mA cm -2
>------ 11.1 Pm I *l.l Pm
Figure: (4-14)
Magnification: x IIK
Current Density: 50mA cm -2
Figure: (4-15)
Magification: x IIK
Current Density: 100mA cm -2
CuSC^ solution (see p249 for composition details).
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I il.lPm
Figure: (4-16)
Magnification: x lOK
Current Density: 6.25mA cm -2
I------ 11.12 Pm
Figure: (4-17)
Magnification: x 10.5K
C u rre n t  Density: 25mA cm -2
■I M2 Pm
Figure: (4-18)
Magnification: x 10.5K
Current Density: 50mA cm -2
CuSOa solution with Imidazole (see p250 for composition details).
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a
-,2.4 Pm 1------ 10.9 6 Pm
Figure: (4-19)
Magnification: x 5K 
Current Density: 6.25 mA cm -2
Figure: (4-20)
Magnification: x 12K
Current Density: 25mA cm -2
40 9 8 Pm I 10,9 8 Pm
Figure: (4-21)
Magnification: x 11.8K
Current Density: 50mA cm -2
Figure: (4-22)
Magnification: x 11.8K
Current Density: 100mA cm -2
CuSCU solution with Histamine (see p251 for composition details).
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-I l-l 3 Prn 1.13 Pm
Figure: (4-23)
Magnification: x 10.2K
Current Density: 6.25mA cm -2
Figure: (4-24)
Magnification: x 10.2K
Current Density: 25mA cm -2
I 1 1.21 Prn 1.1 Pm
Figure: (4-25)
Magnification: x 9.5K
Current Density: 50mA cm
-2
Figure: (4-26)
Magnification: x 1 IK
Current Density: 100mA cm -2
CuSO. solution with Janus gteen B (see p252 for composition details).
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Figure: (4-27)
Magnification: x 9K
Current Density: 6.25mA cm -2
f 1 l.2 pm
Figure: (4-28)
Magnification: x lOK
_2
Current Density: 25mA c m ”
aai®
« I
I 1 |.l 3 Pm 1.2 Pm
Figure. (4-29) 
Magnification: x 10.2K
-2
Figure: (4-30)
Magnification: x lOK
-2Current Density: 50mA cm “ Current Density: 100mA cm
CUSQ4 solution with Dimethyl thiourea (see p253 for composition deta ils) .
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Figure: (4-31)
Magnification: x lOK
Current Density: 6.25mA cm -2
Figure: (4-32)
Magnification: x 10.IK
Current Density: 25mA cm -2
U3 Pm IJ3Pm
Figure: (4-33)
Magnification: x 10.2K
Current Density: 50mA cm -2
Figure: (4-34)
Magnification: x 10.2K
Current Density: 100mA cm -2
CuSO^ solution with Janus Green B and Dimethyl th iourea  (see p254 
for composition details).
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I 15.7 8 Pm 1.2 Pm
Figure: (4-35)
Magnification: x 2K
Current Density: 6.25mA cm-2
Figure: (4-36)
Magnification: x lOK
Current Density: 25mA cm-2
I 1 1.2 Pm 5.7 8 Pm
Figure: (4-37)
Magnification: x lOK
Current Density: 50mA cm-2
Figure: (4-38)
Magnification: x2K
Current Density: 100mA cm-2
CuSO^ solutionion with Thioglycolic acid (see p255 tor composition details)
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Part (4-3)DISCUSSION
Sect (4-3.1) The Effect of Addition Agents on the Kinetics 
of Copper Electrodeposition:
The electrodeposition of copper studied in this work 
falls into 3 groups according to the compositions of the solution, 
and the effect which they produce.
(1) Solutions with pure acidic copper sulphate solution.
This solution does not give bright deposit.
(2) Solutions with an heterocyclic compound such as
imidazole ^tid histamine
H
/ N \
H i  Ü"H Ç - N
H ^ H2C-CH2-NH2
Both the addition agents had no effect in brightening 
the deposit.
(3) Solutions with a group of addition agents contain ing
a brightener such as dimethyl thiourea or thioglycolic 
acid. Both of the brighteners are sulphur containing compounds. 
Bright deposits are obtainable from these solutions.
The cathodic transfer coefficients ( ° c )  for the acidic 
cupric sulphate solution without any addition agent was found 
to be 0.48 -  0.05. This value agreed with results obtained
by Bockris et al^ ’^  , using electrodeposited copper
electrodes .
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According to the following equation^"^ the i value
o
is proportional to activities of the reducible and 
oxidisable reactants in solution.
V  E(4-2)
For electrodeposition of copper from pure copper
sulphate solution, reducible ions are predominantly 
2+
Cu and the oxidisable species is the copper electrode.
Since the activity of solid is equalled to one,the
relationship between i^ and the ions in pure copper
electrolyte can be expressed as
o (1- a )
k G^u2+  ^ E(4-3)
The above derived equation predicts that the value
of i^ is proportional to square root of the activity of the
Cu^^ions.This agrees reasonably with experimental
observations here. The i value for a 0.32 mol dm ^ Cu^^
o
solution was found to be 3.7 mA cm ^ at 25°C (table 4-4,p248)
At the same temperature,the i^ values for the 0.802 mol dm ^
+ - 2  
solution was found to be 7.2 - 0.5 mA cm
The Q values for solutions containing imidazole 
c
or histamine are not appreciably different from those of pure 
acidic cupric sulphate solution (i.e. table 4—4,p248). This 
suggests that the mechanism of the metal-solution exchange 
reaction of group (2) addition agents is probably the same 
as those of pure copper sulphate solution.
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The cathode potential-log^^ i curves obtained from 
solutions containing dimethyl thiourea and janus green B 
(fig 4-10,p223) show that at a current density of 3 mA cm ^ , 
the overpotentials are higher than the overpotential obtained 
from pure cupric sulphate solution (fig 4-6,p219). Also there 
is an inflexion on each curve and a depolarizing effect on the 
electrode is indicated at 10 mA cm The presence of this inflexion 
probably implies that surface diffusion of adsorbed ions to the
steps (fig 2-28,p86) is still playing a significant role in
determining the rate of reaction. This is because for a 
predominantly charge transfer rate determining reaction in 
Cu^^ deposition, the curve of the cathode potential-log^^i 
at this high field region (i.e.>50 mV) is linear. Also the 
steady state overpotential time (T^^) (table 4-12,p256) values 
from dimethyl thiourea solutions is much longer than those 
obtained from pure CuSO^ solution. In addition, the inflexion
probably indicates that there is also a possibility of the
occurence of a second reaction instead of only
the Cu'*’ deposition process. The consequence of this 
additional reaction might affect the shape of the curve and 
the surface diffusion rate of adsorbed ions.
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The derived from the Tafel slope of the linear
portion of the curve was much lower |jL.e. about
0.202 (table 4-4,p248)J than the values obtained from pure
CuS0 4 Solution. The Tafel exchange current density in this
case is slightly less than those values obtained from pure
cupric sulphate solution.
59
Turner and Johnson also carried out the kinetics
studies of copper sulphate solution containing thiourea.
Their values and shape of the curves are closely
similar to the results obtained here.
The a and i obtained from solutions with thioglycolic 
c o
-2
acids and other addition agents are about 0.29 and 29 mA cm 
respectively. The anomaly of higher i^ values suggest that it 
is easier for copper to plate out from solution. A similar 
type of inflexion is also present on each curve (fig 4-11,p224) 
but to a lesser degree.
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Sect(4-3.2) Double Layer Capacitance and Adsorption
The double layer capacitance average results (table 
4-4,p248) show that the presence of addition agents had 
lowered the values. This lowering of values is much
more significant in solutions containing brighteners. From 
the measured double layer capacitance values, the number of 
molecules which adsorbed on the electrodes can be calculated. 
The following assumptions are made.
(1)A blocked site.on the electrode by the organic molecules 
does not contribute to the double layer capacitance.
(2) The area of the electrode deposit does not change between 
the measurements of C^,(cu2+) and C^K^jganic)
The calculations are carried out as follows:
(A) Calculation of the area covered per molecule:-
The following sitting positions on the electrode have 
been decided. It is assumed here that, the higher the 
electronegativity of an atom or group of utoms the more 
likely that atom or group of atoms will be a ttracted to 
a negatively charged surface.
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(i) Imidazole Molecule;
HC — N
■” II
r e  CH
N -  H
fig(4-52)
.... . / / / / ' / /  / / / / ' / / / / / / / / / , /
(ii) Histamine:
HC CH
W II
N fig (4-53)
^  CH2
“ 2
H — N — H
/ / / / / / / / /  / /
(iii) Disulphide of Dimethyl Thiourea:
CH,  fig(4-54)
' ‘ NH N
II
S - S  N - H
/  / f /  / / /  /  / , /  /
(iv) Disulphide of Thioglycolic Acid:
COOH , COOH
H^C CH.
S —  S 
/ / / / / / /  /  / /  / /
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The covalent radii of the atoms are:^^^
-H - = 0.31 % , -N- = 0.70 %
=N = 0.63 Â -S- = 1.04 %
The radius of à moleculeilhat- covers the surface is 
taken to be the sum of the radii tof the adsorbed atoms.
Area covered by these molecules is tt x (the total radius 
of adsorbed atoms.^Therefore, the areas covered by 
different molecules are as follows:
o 9
Imidizole Area = 3.202 (A )
Histamine Area = 5.471
o 2
Disulphide of Dimethyl thiourea Area = 50.99 (A)
o 2
Disulphide of thioglycolic Acid Area = 13.85 (A )
(B) Caculation of area covered by organic molecules from C^^measurement 
Let be the capacitance of the electrode
in CuSO^/HgSq^
Let ^(ji(organic) capacitance of the electrode
in CuSO^/H2S0^/addition agents.
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True area (Area) ^^2+ of electrode in CuSO^/H2SO^ is
(Area)^y2+ = _^dl(Cu^'^) x Apparent Area (8cm^) e (4-4)
17
True area (Area)^^^^^.^ of electrode in CuSO^/H^SO^/addition agents
^^'®“^organic = _^dl(organic) * % C ":
17
Therefore area covered by organic is
= (Area)^^2. -  (Area)^^g^_^.^ E(4-6)
The total number of molecules adsorbed is
= (A rea)çu2^  -
Area of one molecule
E(4-7)
Calculated values of the number of adsorbed molecules for 
imidazole, histamine, disulphide of dimethyl and tldoglycolic 
acid are 2.163 x 10^ , 1.630 x 10^, 0.210 x 10^ and 0.836 x 10^ 
respectively. There are less brightener molecules being adsorbed, 
than the histamine and imidazole molecules,on the electrode. 
This is probably because their sizes are very much larger than 
imidazole and histamine.
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Sect (4—3.3) The Reactions involving the Brighteners:
Postulating the rate determining mechanism of the 
deposition of shiny copper deposits in an industrially 
used plating bath is difficult. This is because more than one 
addition agent is used in the bath so that a bright and 
smooth deposit can be obtained. Some of the addition agents 
have their specific functions. For example some addition 
agents increase the brightness of the deposit and they are 
known as brighteners (e.g.dimethyl thiourea). Levelling 
agents such as janus green B ( i.e. Diethyl safranine azo 
phenol) decreases surface roughness. Frequently it is 
required to combine various addition agents to obtain a 
shiny deposit.
From the sodium azide tests on the copper deposits 
obtained from different baths, it was deduced that sulphur 
was embedded from sulphur containing addition agents 
(table 4-13,p257). Rogers and Ware®^ also found that 
incorporated sulphur in nickel deposits was from thiourea
instead of sulphate.
Inclusion of sulphur in copper deposits from experiments 
here suggest that dimethyl thiourea and thioglycolic acid 
used in plating baths are involved significantly in 
electrodeposition of bright copper deposit.
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The following are the chemical properties of dimethyl 
thiourea and thioglycolic acid.
Di-methyl thiourea is a thione and thioglycolic acid is a 
thiol. Their s truc tu ra l fomulae are as follows:
CH3,  yH
^  H
I ^ H S —C~ COOH
N I
CH3 /  \ H  H
(Dimethyl thiourea) (thioglycolic acid)
a. a.
The main structural difference between^thiol and^thione is 
that the  thiolhas a hydrogen atom attached to the sulphur 
and the  th ione does not. -
One of the properties of thiols and thionesis that 
tautomerism exists between them^^. It was suggested that 
thiourea exists as a thiol since it is easily oxidised in acidic 
solution to salts of unstable formamidine disulphide.%e 
two structural forms of thiourea are as follows:
H^N    HN^
C = S   ------- C - S - H
(Thione) (Thiol)
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Since the structure of thionesand thiols are closely 
related, therefore their reactions in electrodeposition of 
bright deposit are probably similar.
One of the products gf the chemical reaction between 
Cu and thiourea is formamidine disulphidef^hus, it is very 
likely that dimethyl thiourea will react with Cuf+ present in 
the  plating bath to form disulphide. The reaction is probably 
as follows:
CH3 /  H / H
N C H a N  N C H 3 2 (4 - 8 )
Ç - S  1 2Cu -  — C—S —S*”C +2Cu +2 H
CH3A
CH3 H the absence of oxygen, thiols are known to be
oxidised by ions of transition metals which may exist in different 
go
states . The oxidation reaction of thioglycolic acid shown below 
probably occurs in the N^- purged plating bath.
H C O p H  COOH
C O O  H-C-HS+2 Cu— H - C -  S - 5 -C-H +2Cu +2 H*
A H H  H
The above two reactions show that it is possible for 
some of dimethyl thiourea and thioglycolic acid to be chemically 
oxidised into their respective disulphides. When these happen, the 
disulphides are probably adsorbed on copper electrode as well. 
Thus copper electrodes are probably covered by adsorbed layers 
of thioglycolic acid and its disulphide or by dimethyl thiourea and 
its disulphide.
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Results showed that sulphur was present in the 
copper deposit, obtained from a plating bath containing 
dimethyl thiourea and thioglycolic acid (table 109). This suggests 
that there are probably more than one electro-chemical reactions 
taking place on the cathode.
It is postulated that there are probably at least 2 
electrochemical reductions occuring on the cathode. The 
most likely electrochemical reaction is the reduction of Cu^^ to 
Cu°. This is because there is a large amount of Cu^^ ions 
present in the solution.
The second possible electrochemical reduction process 
is the reduction of chemically formed disulphides back to 
dimethyl thiourea or thioglycolic acid. It is known that
91disulphides can be reduced to free thiols electrochemially and 
a high yield of thioglycolic acid from dithioglycolic acid was 
obtained in 2N sulphuric acid at a lead electrode at 
-  0.55V vs. S.C.E..^^. The electroreductions of both 
disulphides into thioglycolic acid and dimethyl thiourea are 
probably as follows:
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CO,OH COOH
L, I ^ _ I COOH
H - C - S - S - C - H 4 2 e % 2 H * - ^  2 H - Ç - H S
H H H
^ ^ 3  ^  CHj H
n - h n
C ~ S — s — C +2e"+2H^ —-  2 C=S  
I
N
H c h :
E(4-10)
C H 3 N CH 3 N E(4- l l )
The chemical oxidation reactions of dimethyl 
thiourea and thioglycolic acid E(4-8,4-9,p266) and the 
electroreduction of their disulphides show that they are 
interconvertable in cupric sulphate solution. These possibilities 
of interconversion of addition agents explains why 
that only small amount of brighteners are normally
\required for plating baths.
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Turner and Johnson^^ suggested that sulphur was 
embedded in ■ deposit of thiourea containing acidic cupric 
sulphate solution. Their expM nation was that thiourea molecules 
come apart during the electroreduction process since, only sulphur 
and no carbon was detected in the deposit. The products of 
this reduction are NH^CN and H2S. The will then react 
with copper electrode and form CuS precipitate at the cathode 
surface. Following their suggestion, the electrochemical 
reduction of dimethyl thiourea and thioglycolic acid is probably 
as follows:
CH, H
C= 5  + 2e-V 2H* — NH^ CN + H^S ^(4-12)
/ N ,
CH3 " h
H
H5 -C-COOH +2e + 2H* — -H2S+CH3COOH e (4-13)
I
H
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In this experiment, sodium azide tests (pl97) were
carried out to detect the presence of sulphur compound such as
sulphide, thiousulphate and thiocyanate in the deposit. The results
(table 4-13 ,p257) show that at least one of the above compounds 
were p resen t .
In order to confirm the inclusion mechanism of sulphur 
in deposits suggested by Turner, a detection of CuS spot 
tests (pl99) were carried out. In principle when a drop of KCN 
is in contact with a copper sulphide (CuS) suspension which 
is placed on a spot plate, the brown colour due to copper
sulphide disappear at once. This is due to the following chemical
. 100 reaction ,
CuS +4KCN = K 2 [Cu(CN)^ ] + K^S E(4-14)
Results . • from the tests (table 4-14,p258) carried out
indicated that the above reaction probably does not occur 
This is because in most samples which contained sulphur 
(sodium azide test) changed from their original colour (dark 
brown, brown/yellow, bright brown) to black. In addition gas 
bubbles were also formed on the samples. The solid product of 
this test could probably be any of these black copper solids i.e.
CuS , Cu2S, CuO, CU2O. The derivation from these tests is that 
the inclusion mechanism of sulphur in deposit suggested by 
Turner might not be applicable in the experiment carried out here.
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More investigations are required in order to
determine how sulphur are incorporated into deposits. It
is also essential to know the form of sulphur present in the
92deposit . Dye and Klingenmaier found that the brightener, 
fuchsin (C2OH in its original form was embedded
in nickel deposits. Therefore there is a possibility that 
dimethyl thiourea or thioglycolic acid or their respective 
disulphides be embedded in copper deposits.
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Sect (4-3.3) Qualitative studies of the Electrochemical reactions 
in various solutions using Cyclic Voltammetric Techniques
Cyclic voltammetric studies were performed in pure 
sulphuric acid and in suphuric acid containing addition agents 
which were used in morphological studies. The solution 
contains each individual addition agent or a group of addition 
agents which were used in the bright plating process. The 
solution was stirred since deposits used for morphological 
studies were obtained in stirred electrolytes, and the aim of 
this experiment was to qualitatively differentiate the ê l 'èc tro - 
chemical behaviour of various addition agents. A short 
sweep range was used (i.e. -72mV to -350mV vs. S.C.E.) in 
order to avoide the anodic dissolution of the Cu° working 
electrode and the hydrogen evolution at more negative potential. 
Tables (4-l,p245) and (4-2,p246) show the composition of 
electrolytes and potentials of the curve at i=o in both sweep
directions.
For those solutions containing addition agents such as 
imidazole, histamine, Nad and polyvinyl alcohol (fig 4-41,4-42, 
4^ 7,4^ 9, between p234,p242) the voltammograms obtained were 
quite similar to those voltammograms obtained from pure sulphuric 
acid (fig 4-39,4-40,p232 and p 233). This suggests that these 
addition agents probably does not oxidise or reduce within 
the potentials of -72mV to -  351 mV v s. S.C.E.
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In solution containing propanoamide, an anodic reac tion  
seem to occur at the initial sweep range of -72m V to -90mV 
V s. S.C.E. (fig 4-50,p243). The voltammogram obtained from a 
solution containing janus green (B) (fig 4-43,p236) shows that 
throughout the whole sweep range cathodic reduction occurred 
significantly. This suggests that janus green B is reasonably 
reducible in sulphuric acid solution.
Results (fig 4-44,p237; 4-45,p238; 4-48,p24l) show
that the  brighteners, thiourea, dimethyl thiourea and thioglycolic
acid, oxidised anodically in a large part of the sweep range. It
is known that the major products of the anodic oxidation of
thio acids are the corresponding disulphides and anodic oxidation
of thiourea is a convenient method for the preparation of
96corresponding formamidine disulphide salts . The anodic 
oxidation of dimethyl thiourea and thioglycolic acid used in 
these experiments are probably as follows:
CH] H CH. H CH.
i /  / /  4
.  2e- ^
2 C= S — T C-S - S — C 
I -2H II I
N N N
/  \  /  /  \
CHj H CHj CHj H
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COOH COOH C O O H
I -2e I I
2 H'C’HS - H — C - S — S - C — H e (4 - i i )
i H H
In solution containing janus green B and thiourea^ 
the voltammogram (fig 4-46,p239) indicated that anodic oxidation 
of thiourea takes place in the initial part :of the sweep range 
(i.e. -72mV to -150mV) and the remainder part of the sweep 
range was predominantly due to cathodic reduction of janus 
green (B).
The voltammogram fig (4-51, p244) obtained from a 
solution containing thioglycolic acid, polyvinyl alcohol, NaCl 
and propi on amide showthanm3/4 of the entire range of the 
sweep potential, anodic oxidation is predominant .These reactions are 
probably the oxidation of thioglycolic acid and propionamide.
The r e s u l t s  obtained show that the sulphur containing 
brighteners are easily oxidised in sulphuric acid. Also 
organic compound such as janus green B are e a s i ly  reduced ,
The rest of the addition agents appear not to be significantly 
active ;in the solutions.
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Sect (4-3.4) The Effects of Addition Agents on the morphology of 
the Copper Deposits:
(A) Deposits obtained from H^SO^ solutions:-
The pyramidal form of deposit (fig 4-12,p225) obtained
from pure copper sulphate solution at 6.25mA/cm^ supports the
bunching concept. This is because the flat portions of the
pyrimidal faces may be pictured as composed of many thin,
possibly monoatomic, steps assumed to be originate at the top
of the pyramids and spreading in this region one after another.
Approaching the base, however, smaller steps cluster and join
into larger and eventually visible steps, with the distances between
93them increasing as they propagate .
2
Grain sizes at 6.25mA/cm were very much larger
than those at higher current densities (C.D.s) (table 4-5,p249).
This is probably because at low current density there are
very few hydrogen ions which are present in the diffusion layer at the
cath ode ,which adsorb'on the electrode;Hence at any instant,the majority
of the sites suitable for crystal growth are free. Therefore,
the mobility of the metal ions over the surface is not reduced.
Thus there is a tendency for the crystal to grow into a reasonable
size from each nuclei, and a large-grained deposits results.
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As the current densities increase from 25mA cm"^
_2
to 100mA cm grain sizes also increase from about 3jjm
to 6.1 pm (table 4-5,p249). This is probably because the growing
electrodeposit is inadequately supplied with ions at 100mA cm~^,
since the rate of Cu^^ consumption increases with
current density. Therefore, further growth of electrodeposit
prefers to concentrate in those parts which are easily accessible
by copper ions. As a result the deposit has a larger grain
size and these grains tend to form on the peak instead of the recessed
p a r ts  of the electrode. The overall microscopic appearance
of the deposit is that there are rows of cauliflower type of grains
and with a gully in between the rows. Macroscopically edges
of the electrode will be rough since they are more accessible
to metal ions.
The grains change from a pyramidal form to 
boulder type and the cauliflower types at higher current 
densities (fig 4-13 to 4-15,p225). Possible reasons are the 
adsorption of hydrogen on the cathode which affects the growth 
of the deposit,and the depletion of Cu^^ ions at high 
current densities.
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(b ) Deposits obtained from imidazole-CuSO^. and Histamine 
-  CuSQ  ^ solutions:
Forms of deposits obtained at 6.25 mA cm"^
are of the boulder type ( f ig  4-19 to
4-22,p227). These grain boundaries are as well defined as 
those deposits obtained from sulphate solution. The grain sizes 
are reasonably larger than those obtained at high current 
densities. The common characteristics from deposits obtained 
in sulphate solution suggest that, at this low current density, 
the imidazole and histamine do not affect the mobility of 
Cu^^ ions significantly.
At higher current densities the shape of the grains 
are not distinctive and grain boundaries are no longer well 
defined (fig 4-17and 4-18,p226; 4-20 to 4-22,p227). Also 
grain sizes do not increase as the current density increases 
(table 4-6 and 4-7,p250 and 251). The above characteristics 
show that imidazole and histamine have quite a significant 
effect on the growth of deposits. This is probably due to 
the adsorption of some organic molecules.
At 100 mA cm"^ the same type of rough edges around the 
electrodes are also observed. This suggests that both 
imidazole and histamine are not levelling agents which will 
reduce roughness on the surface of an electrode. The deposits 
do not have a bright appearance but a normal metallic brown 
colour. This also shows that imidazole and histamine do 
not act as brighteners in copper sulphate solution.
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(C) Deposits obtained from dimethyl thiourea -CuSO „
Janus Green B -  CuSO and di-methyl thiourea with 
Janus Green B -  CuSO  ^ solutions:
_2
At C.D. of 6.25 mA cm , the microscopic
appearance of the deposits obtained from dimethyl thiourea
containing solutions are quite different from those obtained in
janus green B -  CuSO^ solution. Irregular and random pyramidal
type of grains (fig 4-23,p228) appear in the deposits obtained
from janus green B -  CuSO ^solution. Clusters of small
spherical grains were formed in solutions containing dimethyl
thiourea (fig 4-27 and 4-31,p229-230). The grain sizes at this
low current density are very much smaller than those grains
obtained from CuSO solution (i.e. < 1.70- 0.46 /Jm, table 4-8 to
4
4-10,p 252). This suggests that adsorption of di-methyl 
thiourea and janus green B molecules on copper cathodes 
inhibit the crystal growth process, and small-grained deposits 
result.
The dark brown precipitate type of deposits obtained 
at low current density from dimethyl thiourea containing solutions 
indicate that the deposits probably contain other compound^.Also 
(in dimethyl thiourea - C u S O  4 solution), two types of deposits 
appear on the cathode after electrodeposition. Parts of
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the electrode were covered with bright deposit and the remainder 
with layers of dark brown precipitate type. Only the 
dark brown precipitate type of deposits obtained from di-methyl 
thiourea with janus green B -  CuSO^ solution suggest that janus 
green B is a levelling agent.
At higher current densities the grain  s izes  of the 
deposits obtained from dimethyl -  CuSQ ^ solutions do not 
reduce significantly (table 4-9,p253). The grain size from 
other solutions reduce to less than half of their sizes (table 
4-8,4-10,p252,254). The general forms of these grains obtained 
from dimethyl thiourea containing solutions do not vary much 
from those of lower current density (4-27 to 4-34,p229 and p230).
On the other hand,the grains obtained from janus green B 
-  CuSO^ solutions lost slight pyramidal forms ,into an 
irregular shape (fig 4-23 to 4-26,p228). This probably suggests 
that there might be an increase of adsorption of janus green B 
molecules on the cathode at higher current densities. This will 
affect the crystals growth process.
Macroscopically all the deposits obtained a t  high 
current densities ( 100mA cm ^) (table 4-8 to 4-10, p252 to 254) 
do not have rough edges. This suggests that dimethyl thiourea 
or perhaps its disulphide and janus green B molecules preferentially 
adsorb on the microscopic peak of the electrode, until the recessed
CL
parts of the electrodes are’ levelled with ^ copper deposit.
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(D) Deposits obtained from thioglycolic acid + others -  CuS04 
Solutions:
Two types of deposits were' obtained a t  6.25 mA cm ^
(fig 4-35,p23l) on one electrode. The micrograph shews that
they are normal small spherical grains and a spongy precipitate.
The small grained deposit probably consists of metallic copper,
and the spongy deposit of copper chloride. ....
Macroscopically the deposit is brown/yellowish green in colour.
Also the presence of chloride had been confirmed with a silver
nitrate  t e s t . A smalll amount of sodium chloride had been
added into the plating bath as a lustrous builder. Since the deposit was
obtained using the galvanostatic pulsed method, a small
33amount of cuprous chloride will be formed (or see pl65 ),
The grain sizes vary significantly at different current
densities (table 4-ll,p255). Also,microcracks appear on the
—2deposits which were obtained at 50mA cm (fig 4-37,p23l). The
—2 —2 —2 deposits obtained at 25 mA cm , 50 mA cm and 100 mA cm
(table 4-11,p255) show that the individual grain sizes do not
determine the brightness of the deposits. This is because all the
deposits were bright and their grain sizes differ from an inmeasurable
small to about 6 pm.
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(E) Bright Deposits:
Bright copper deposits can only be obtained at 
reasonably high current desnities (i.e > 25mA cm in copper 
sulphate solutions containing dimethyl thiourea or thioglycolic
of
acid as brighteners. It is observed here that the grains^^^bright 
deposits have the following features:
(i) Uniformly spherical grains which are small, and form 
reasonably smooth surfaces(fig 4-28, 4-30, 4-34, p229, p230)
(ii) Very smooth surface and the grains, very small (fig 
(4-37, p23l).
(iii) Large and smooth oval shaped grains which may cluster 
togerher to form a dough like structure (4-38, p23l).
The common physical property of the above three features is 
that light can be easily reflected without being blocked by 
adjacent grains or clusters of grains. This property probably 
gives the brightness of the deposits.
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(F) The Levelling action of Janus Green B:-
Janus green B is a huge molecule and its 
structure is as follows:
N
o oo
Assuming the diffusion-layer thickness between
the surface of the electrode and the electrolyte has a linear
variation of concentration with distance^ using Fick's law
102of diffusion one has
E(4-15)
or
nF E(4-16)
Therefore the diffusion current i is given by
pO p
i = -DnF ■ x = 0 E(4-17)
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When the heights between peaks and recesses on the 
electrode is small compared with the d iffusion  layer th ickness, 
• ^peak will be less than ^recess and as a result of this, 
more eiectrodepositionwill take place on the peaks than on 
the flat or recess surface.
diffuse layer
'peak
recess
fig (4-56)
In order to slow down the rate of deposition on 
the peaks, levelling agents such as janus green B might be 
used. The mechanism of the inhibition process by janus green (B)
molecule is proposed.
Considering janus green B molecule is adsorbed on a
peak fig (4-57).
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When the current is switched on, the coppper atoms will 
deposit on those vacant sites such as surface 1,2,3 and 4 
(fig 4-57).
Fig (4-57)
In the first step of deposit on fig (4-58), the rate of deposition of 
copper ^ o m s  will be slightly faster in surfaces 1,2, and 3.The 4th 
surface has the slowest rate since its diffusion layer thickness 
is the largest.
Fig (4-58) O
Janus Green B
Q-O-QQ
&
In the second step, the rate of deposition on surfaces 
1 and 2 is reduced. This is because the adsorbed janus green 
molecule is obstructing the movement of Cu atoms. The 
rate of deposition of the 4th surface is accelerated since now 
its diffusion layer thickness is reduced and there is no obstac le  
for Cu^^ ions to deposit on its surface.
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The deposition rate . of copper on surface 3 is probably not 
increased since this surface is getting crowded (fig 4- 59)
Fig (4-59)
ZZ:
As the deposition process proceeds, the rate of 
deposit on on surface 4 increases. Therefore, within the same 
time of depositions with surface 1,2,3, they will be more layers 
of copper atoms deposited on surface 4 than 1,2, and 3. The 
mobility of depositing atoms of surface 3 is restricted
since it is also getting crowded due to the surface 2. As a 
result the number of atoms intending to deposit on surface 3 
also reduced. Also forces due to the packed conditons on 
surface 1,2 and 3 begin to exert moment of force on the 
adsorbed molecule (fig 4-60).
Fig (4-60)
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In the final stage, forces due to the densely packed
condition on surface 2 and 3 will exert a very strong force on 
the adsorbed molecule. If the opposing force from the deposited 
atoms on surface 1 is not strong, it is quite likely for the adsorbed 
molecule w illbe  tumbled over towards the side nearer to surface 1 
fig (4-61 ) and may be attracted to another close by peak. If the 
opposing force from surface i is also strong, it is quite likely that 
attractive force of the adsorbed molecules might be reduced and 
thus desorbed from the peak. The peak is now exposed to the 
depositing copper atoms. As a result, copper atom will deposit on 
the peak and the rest of surfaces with the same rate of deposition. 
This is because the diffusion layer thickness on the new surface 
is reasonably uniformed. A level surface is then obtained and this 
process is repeated until the surface of the electrode is smooth.
Fig (4-61)
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CONCLUSIONS
A galvanostatic puise technique has been used to
study the complex reactions of copper in copper ( )  halide
solutions. More understanding of these complex reactions
have been achieved. From experimental results and with
the aid of computer calculated results, it is known now
that the CuCl^ and CuBr**" complexes are the main species
which determine the Cu(I)Cl and Cu(l)Br formation reactions,
(25°C -  0.5°C and using total halide concentrations of less 
—3
than 0.7 mol dm ).
The results of cyclic voltammetric show that 
brighteners, thioglycolic acid and dimethyl thiourea are 
readily oxidised and janus green B is easily reduced. This 
indicates that an addition agent probably needs to be reactive 
or easily adsorbed within the range of deposition 
overpotentials, in order to function well as a brightener 
or levelling agent.
Sulphur atoms were confirmed to be embedded in 
deposits but not as CuS
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APPENDIX (1)
Computer Progranmne . .
This computer program was used in calculating the copper 
complexes in cupric sulphate solutions containing halides. The 
details of the program are as follows: 
c PROGRAM EQUIL
c Equil calculates the equilibrium concentrations of
c copper complexes.
c K(I.J.) is the stability constant of Cu(J) L (l) where 1 is
c the oxidation state of Cu, and J is the number of ligands
c G(I,J) is the associated free energy change KCu is the
c equilibrium constant for 2Cu^ = Cu2^ + Cu
c Cul(l,j) is the equilibrium concentration of
c Cu(j) L ( l- l) .  J and 1 as before
c TL is the total concentration of ligand
c TCu is the total concentration of copper
c L is the equilibrium concentration of ligand
c GuessC is the tinitial value of the Cu2^ concentration
c GuessL is the initial value of the ligand concentration
c IP = 1 if you want the results of each iteration
c MAXIT The maximum number of iterations
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COMMON /B l/  Cul(5,2), K(4.2), L,KCU,TCU,TL 
REAL K,L,KCU 
DIMENSION 0(4,2), B(4,2)
CHARACTER *80 ITITLE 
EXTERNAL DIFFL 
READ (5, '(ABO)' )ITITLE 
READ (5,100) T, KCU 
READ (5,100)K
WRITE (6, '(//lOX, "  Total copper concentration ?
(E10.3)............. " ,  $)' )
READ (2,100) TCU
WRITE (6, '(//lOX, "  Total ligand concentration ?
(E10.3)..............." ,  $)')
READ (2,100)TL 
Calculate free energy 
DO 1 I =1,2 
DO 1 J =1,4 
G(J, I) = 0
If (K(J, 1) GT. 0.)G(J, 1) = -8.314*T*ALOG (K(J, 1) ) 
Continue
B(l, 1) = K(l, 1)
B(l, 2) K=(l, 2)
DO 3 1=1, 2
DO 3 J=2, 4
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3 B(J, I) =B(J-1, I) *K(J, I)
WRITE (6, ' (//////20X, "  Ligand is " ,  A80) ') ITITLE 
WRITE (6,1000) ((K(I, J), E(I,J), G(l,j), I=1,4),J=1,2)
1000 FORMAT (6X, 'K ', 18X, 'B ', 19X, 'G ' /
1 8(1X, 1PE10.3,2(10X,E10.3)/))
WRITE (6,1001)TCU, TL, KCU 
1001 F0RMAT(//1X, 'TOTAL COPPER = ',  F10.7, lOX,
'TOTAL LIGAND = ', F10.7 
1/lOX, ' Equilibrium constant for Cu^^ + Cu" > 2Cu^ =', 
1PE10.3/////)
IFAIL = 1 
MAXIT = 1000 
gRF = l.E-7
CALL BIN (DIFFL,TCU, O., X ,ERF, MAXIT, IFAIL)
Cul (1, 1) = X 
R = DIFFL (X)
CALL FUN (F, GG)
WRITE (6,3001)
3001 FORMAT (/20X, ' BINARY SEARCH HAS CONVERGED') 
999 WRITE (6,2000) Cul (1 ,1 ) ,  Cul(l,2), ((Cul(J,l), J=2,5)
1 1 = 1, 2), L, F, GG, R
2000 FORM A T (////2X, 10('*'), IX, 'RESULTS', IX, 10('*')//2X,
1 'C u f+  = ' ,  IPEIO.  3,20X,  'Cu+ = ' ,
1 E10.3/1X, 'Cu^^ + Ligands', 4(5X, E10.3)/lx,' Cu + Ligands',
2 4(5X, E10.3)/1X 'Free ligand = ', E10.3//5X,
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5'Difference in total concentrations', 5X,2(3X, E10.3) 
6/5X, 'Value of function DIFFL = ', E10.3)
100 FORMAT (8E10.3) 
c Calculate ionic strength of soultion
STR = 0 
DO 1= 1,2
DO J = 1,5
STR = STR + Cul (J, 1)*FL0AT (4 -  I -  j)**2 
ENDDO 
ENDDO
STR = (STR + TCU* 4.0 + TL)/2.
STR2 = TL + TCU* 4.0 
WRITE(6,4000)STR, STR2 
4000 FORMAT(//20X, 'Ionic strength of solution : ' ,  F10.5,
1 //2x, 'Ionic strength in terms of initial concentrations:
2 F10.5/)
STOP
END
FUNCTION DIFFL (X)
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c Calculates difference between the concentration
c of ligand at copper conc. X which give F = 0 and
c G = 0
Common /B l/  Q(20), TCU, TL 
EXTERNAL FUNL, GUNL 
Q(l) = X 
IFAIL = 1 
MAX = 1000
ERF = (TCU + TL) * 1. E-7
CALL BlNl (FUNL, TL,0., Y, ERF, MAX, IFAIL)
If (IFAIL, EQ. -1)Y = TL +1 
If (IFAIL, EQ. 1)Y = -1
If (IFAIL. EQ. 2) Then
WR1TE(*,' (lOX, "  Error in DFFL with IFAIL = 2 " ,  
lOX,
1 "X = " ,  1PE10.3)')X
STOP 4
ENDIF 
IFAIL = 1 
MAX = 1000
CALL BlNl (GUNL, TL, 0., Z, ERF, MAX, IFAIL)
DIFFL = Z -  Y
RETURN
END
FUNCTION FUNL (X)
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Calculates value of SUMC -  TC at ligand conc. X. 
COMMON /B 1/ Q(20), TCU, TL 
Q(19) = X 
CALL FUN (F, G)
FUNL = F
RETURN
END
FUNCTION GUNL (X)
Calculates value of SUML -  TL at ligand conc. X. 
COMMON /B l/  Q(22)
Q(19) = X 
CALL FUN (F,G)
GUNL = G
RETURN
END
Subroutine B1N(F, YU, YL, X, ERF, MAXIT, IFA)
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c Conducts binary search between limits XU and XL
c F(X) Generates values of the function
c X is the final vaue returned when ABS(F(X)) < ERF
c IFA  on entry = 0 program will stop on finding
error
c =1 program will reset IFA and continue
c on exit =0 successful operation
c =1 initial function values both + VE
c =-l initial function values both -  VE
c =2 Maxit iterations performed
XU = YU 
XL = YL 
FU = F(XU)
FL = F (XL)
If (FU*FL .GT. 0.) Then 
c Error FU and FL same sign
IFAIL =1
If(FU .LT. 0) IFAIL =-l 
IfdFA.EQ. 0) Then 
c Hard fail option
WR1TE(*,1000)IFAIL, XU,XL, FU,FL 
ST0P2
ELSE
IFA = IFAIL
ENDIF
ELSE
IC =0
1 If(lC, EQ. MAXIT) Then
ELSE
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IFAIL =2
IfdFA. EQ. 0) Then 
WRITE(*,1000)IFAIL, XU,XL, FU,FL 
ST0P3
ELSE
IFA = IFAIL 
RETURN
ENDIF
IC = IC + 1
X = (XU -  XL)/2. + XL 
FX = F(X)
If (FX*FL. LE. 0)Then 
XU =X
ELSE
XL =X 
FL =FX
ENDIF
IF(ABS(FX) . GT. ERF) GOTOl 
ENDIF 
IFA = 0
-299 -
ENDIF
RETURN
1000 FORMAT (///lOX, 'Error in binary search with IFAIL =', 3/
IlOX, 'Status at time of error'/lOX, 'XUPPER = ', 1PE10.3,
2 5X, 'XLOWER = ', E10.3, 5X, 'F(XU) = ', E10.3,5X,' F(XL) =
' , E10.3)
END
Subroutine BINl (F, YU, YL, X, ERF, MAXIT, IFA)
c Conducts binary search between limits XU and XL
c F(X) Generates values of the function
c X is the final value returned when ABS(F(X))<ERF
c I F A -------------on entry = 0 program will stop on
c finding error
c =1 program will reset IFA and continue
c on exit =0 successful operation
c =1 initial function values both +VE
c =1 initial function valuse both -VE
c =2 MAXIT iterations performed
XU=YU 
XL=YL 
FU=F(XU)
FL=F(XL)
IF(FU*FL .GT. 0)Then 
c Error FU and FL same sign
IFAIL =1
1F(FU. LT. 0)1FA1L =-l 
1F(IFA. EQ. 0)Then
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ELSE
Hard fail qjtion
WR1TE(*, 1000)1FA1L,XU,XL,FU,FL 
ST0P2
ELSE
IFA=1FA1L
ENDIF
IC=0
1F(1C. EQ. MAXlT)Then 
IFAIL =2
IF(IFA. EQ. 0)Then
WR1TE(*,1000)1FA1L,XU,XL,FU,FL
ST0P3
ELSE
1FA=1FA1L
RETURN
ENDIF
ELSE
1C=IC+1
X=( XU-XL)/ 2. f XL 
FX=F(X)
IF(FX*FL. LE. 0)Then 
XU=X
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ELSE
XL=X
FL=FX
ENDIF
IF(ABS(FX). GT. ERF)G0T01
ENDIF
IFA=0
ENDIF
RETURN
1000 FORMAT(///lOX,'Error in BINl with IFAIL =',13/
IlOX, 'Status at time of error'/lOX, 'XUPPER=', 1PE10.3 
2 5X, 'XLOWER= ', E10.3,5X, 'F(XU) = ', E10.3,5X,'F(XL)= ’E10.3) 
END
Subroutine FUN(F,GG)
Common /B l/  Cul(5,2),K(4,2),L,KCU,TCU,TL 
Real K,L,KCU 
SUML =L
Cul(l,2)= SQRT(KCU*Cul (1,1))
SUMCU = Cul Xl,2) + Cul (1,1)
DO 2 1= 1,2
DO 2 J=2,5
CuKj,l) = K(j-l,l)*L*Cul(j-l,l)
SUMCU=SUMCU+Cul (J,l)
SUML = SUML + Cul (J,1)*FL0AT(J-1)
2 Continue
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F=SUMGU-TCU 
GG=SUML -TL 
RETURN 
END
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Appendix (2)
Abbreviations
^ox activity of oxid isable reactant
^red activity of reducible reactant
A absorbance
C° bulk concentration
^x= concentration of ions at distance x from the
interface
the equilibrium adions concentration
r
""t the average surface concentration of adions at
a time t.
the bulk concentration of metal M ions
CR concentration of species R 
C capacitance
Cjj double layer capacitance
Cads double layer capacitance due to adsorbed molecules
D diffusion coefficient
E potential difference at non standard condition
E° potential difference at standard condition
Ep^  reversible potential of copper in electrolyte
Ep equilibrium potential of reaction E(3-4,pl2l)
e|  equilibrium potential of reaction E(3-6,pl22)
F Faraday
current density 
anodic current density 
cathodic current density 
limiting current density 
double layer current density 
charge transfer current density 
equilibrium exchange current density
A
c
L
dl
ct
o
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J q diffusion flux
chemical reaction rate constant involving reactant M
KX Equilibrium constant of reaction X
^9.te constant of charge transfer cathodic deposition
rate constant of charge transfer anodic reaction
Kp proportionl constant
molecular weight of substance X
n number of electrons
—2mol m of copper 
_2
Ncux mol m of copper(l) halide
P. . the order of the cathodic reaction of the reactant
ijCath
Q number of coulombs
r radius of atoms or molecules
r ’ factor of rate determining step
R the gas constant
t '  total CuX formation reaction time
T temperature
T measured time for the overpotential to reachss
steady state
T pulse on timeon ^
T rr relaxation timeoil
the potential difference across a parallel plate 
capacitor at time t
—305 -
V the final steady state potential difference
^ ' electrode potential vs. standard hydrogen electrode
weight of copper in deposit
Wg measured weight of electrode
^CuCl weight of copper (I) chloride
Wp^ iheotrical 'weight of copper deposited by pulse: current
anodic transfer coefficient 
cathodic transfer coefficient
Pn
P
gross constant n
symmetry factor
^c number of electrons transferred preceding the
rate determining step for the cathodic process
Ô diffusion layer thickness
v ’ stoichiometric number of reaction
V sweep rate
77 The time notation
transition timer
, rT  transition,of charge transfer reactionct A ^
^ 0  potential difference across interface
equilibrium potential difference 
Aw increase in weight of copper(l) halide
A E ^ change in activation energy
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n overpotential
Id diffusion overpotential
% concentration overpotential
'le t charge transfer overpotential
1er crystallization overpotential
1r reaction overpotential
In ohmic overpotential (IR drop)
nt overpotential at time t
Tjoo steady state overpotential
8 e fiaction of electrode covered by adsorbed species
at equilibrium
®t fraction of eèectrode covered by adsorbed species
at time t 
0 angle of resolution
dl
potential of bulk solution
inner ' potential at the metal
the valence of the species i
e the electronic charge
o
the outer potential due to the charge on the 
metal electrode 
q^ diffuse charge density
q^ net charge density on the electrode
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A B S T R A C T
^  i s  f o r m e d  d u r i n g  t h e  g a l v a n o s t a t i c  p u l s e  p l a t i n g  o f  c o p p e r  f r o m  a c i d  s o l u t i o n s  c o n t a i n i n g  C u^^  a n d  
X  . T h e  r e a c t i o n  C u  +  C u °  +  2 X  2 C u X  o c c u r s  i n  t h e  r e l a x a t i o n  p e r i o d  o f  t h e  p u l s e .  C o p p e r  ( I )  c h l o r i d e  a n o d e s  f o r  r e -  
b a t t e r i e s  m a y  b e  m a d e  b y  t h i s  m e t h o d .  C u B r  i s  o r i e n t e d  i n  t h e  {220} p l a n e  w h e n  d e p o s i t e d  o n  c o p p e r  f o i l  w i t h  
t h e  {200}  p l a n e  u p p e r m o s t .  C u C l  t e n d s  t o  d i s s o l v e  i n  s o l u t i o n s  c o n t a i n i n g  C l “  t o  g i v e  s o l u b l e  c o p p e r  ( I )  h a l i d e s .  C o r r o s i o n  
r a t e s  a t  p u r e  c o p p e r  w e r e  d e t e r m i n e d  f r o m  t h e  p u l s e - p l a t i n g  e x p e r i m e n t s .
S t u d i e s  ( 1 - 3 )  o f  c o p p e r  p l a t i n g  f r o m  a c i d  b a t h s  b y  
a  v a r i e t y  o f  p u l s e  m e t h o d s  h a v e  b e e n  m a d e  to  i m ­
p r o v e  e f f i c i e n c y  a n d  p l a t e  q u a l i t y ,  e s p e c i a l l y  i n  c a t h o d e  
g e o m e t r i e s  h a v i n g  s m a l l  h o l e s  o r  p o r e s  ( 1 ) .  D i f f e r e n t  
a d d i t i v e s  m a y  a l s o  i m p r o v e  p l a t e  q u a l i t y  b y  c o m -  
p l e x i n g  w i t h  i o n s  i n  s o l u t i o n  o r  b y  a d s o r p t i o n  a t  t h e  
p l a t i n g  s u r f a c e .  T h i s  i n v e s t i g a t i o n  w a s  i n s t i t u t e d  t o  
o b s e r v e  t h e  e f f e c t  o f  a d d i t i v e s  o n  p u l s e  p l a t i n g .  C o p ­
p e r  h a l i d e s  w e r e  c h o s e n  a s  m o d e l  s y s t e m s  b e c a u s e  o f  
t h e  a v a i l a b i l i t y  o f  d a t a  a n d  t h e  b o d y  o f  p r e v i o u s  w o r k .
T h e  c o r r o s i o n  o f  c o p p e r  i n  s o l u t i o n s  o f  c o p p e r ( I I )  
c h l o r i d e  h a s  b e e n  s t u d i e d  b y  H u r l e n  ( 4 ,  5 )  w h o  s h o w e d  
t h a t  l a y e r s  o f  c o p p e r  ( i )  c h l o r i d e  a r e  f o r m e d  w h i c h  
s u b s e q u e n t l y  d i s s o l v e  g i v i n g  s o l u b l e  s p e c i e s  s u c h  a s  
C u C l g - .  T h e  r a t e  o f  c o p p e r  ( I )  c h l o r i d e  f o r m a t i o n  i s  
s l o w  a f t e r  a n  i n i t i a l  m o n o l a y e r  b e c a u s e  o f  t h e  n e e d  f o r  
s o l i d - s t a t e  m o v e m e n t  o f  c h l o r i d e  i o n s  t o  t h e  u n d e r l y ­
i n g  b u l k  c o p p e r .  N u m e r o u s  w o r k e r s  ( 4 ,  6-8) h a v e  
s t u d i e d  t h e  a n o d i c  b e h a v i o r  o f  c o p p e r  i n  h a l i d e  m e d i a .  
C o p p e r  d i s s o l v e s  t o  C u C l ^ " ,  C u C l g ^ - ,  a n d  C u C L ^ -  v i a  
f i l m s  o f  C u C l .
C o p p e r  ( I )  c h l o r i d e  i s  u s e d  a s  a n  a n o d e  f o r  r e s e r v e  
s e a w a t e r  b a t t e r i e s  ( 9 ) ,  w h i c h  m a y  b e  f a b r i c a t e d  
b y  m i x i n g  c o p p e r  ( I )  c h l o r i d e  w i t h  a n  o r g a n i c  b i n d e r  
a n d  g r a p h i t e ,  o r  b y  d i p p i n g  c o p p e r  p l a t e s  i n t o  m o l t e n  
c o p p e r  ( I )  c h l o r i d e  ( 9 ) .  A  m e t h o d  o f  m a n u f a c t u r e  b y  
d i r e c t  r e a c t i o n  a t  a  c o p p e r  e l e c t r o d e ,  a s  d e s c r i b e d  i n  
t h i s  p a p e r ,  m a y  p r o v i d e  e l e c t r o d e s  w h i c h  a r e  m o r e  
c o n d u c t i n g ,  h a v e  a  k n o w n  d i s c h a r g e  c a p a c i t y ,  a n d  u l t i ­
m a t e l y  b e  m o r e  e c o n o m i c a l .
Experimental
Materials
A l l  m a t e r i a l s  w e r e  o f  A n a l a r  g r a d e  a n d  u s e d  w i t h ­
o u t  f u r t h e r  p u r i f i c a t i o n .  E l e c t r o d e s  w e r e  2 x 2  c m  
c o p p e r  f o i l  ( B D H  9 9 . 9 9 9 % )  o r  2 x  2  c m  p l a t i n u m  f o i l
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( J o h n s o n  M a t t h e y  9 9 .9 9 % )  o n  w h i c h  a  t h i n  l a y e r  o f  
c o p p e r  w a s  p l a t e d  f r o m  a c i d  c o p p e r  s u l f a t e  s o l u t i o n .
Methods
Corrosion of copper in solutions containing halide 
ions.— A  c l e a n  c o p p e r  f o i l  w a s  s u s p e n d e d  f r o m  a  b a l ­
a n c e  ( C l  E l e c t r o n i c s  M i c r o f o r c e  I I )  i n  a  s o l u t i o n  c o n ­
t a i n i n g  1 m o l  d m ~ y  H 2S O 4, 0 .3 4  m o l  d m " 3  C U S O 4, a n d  
0 .1  o r  0 .3 4  m o l  d m ~3 K C l  o r  K B r .  T h e  s o l u t i o n  w a s  
t h e r m o s t a t e d  t o  2 5 ° C  ( ± 0 . 5 “C ) .  D u r i n g  t h e  e x p e r i ­
m e n t ,  t h e  l e v e l  o f  t h e  s o l u t i o n  w a s  a d j u s t e d  r e l a t i v e  
t o  t h e  e l e c t r o d e  t o  c o r r e c t  f o r  t h e  b u o y a n c y  o f  t h e  
e l e c t r o d e .  T h e  i n c r e a s e  i n  w e i g h t  o f  t h e  f o i l  w a s  m e a ­
s u r e d  ( ± 0 . 0 1  m g )  w i t h  t i m e .  S i m i l a r  e x p e r i m e n t s  w e r e  
a t t e m p t e d  w i t h  s o l u t i o n s  c o n t a i n i n g  f l u o r i d e  a n d  i o d i d e  
i o n s .
Pulse plating.— C o p p e r  w a s  g a l v a n o s t a t i c a l l y  ( 3 0 0  
m A )  p u l s e  p l a t e d  f r o m  a  s e r i e s  o f  e l e c t r o l y t e s  c o n ­
t a i n i n g  1 m o l  d m ~ 3  H2SO4, 0 .1  t o  0 .3 4  m o l  d m ~3 
C U S O 4, a n d  0 .0 5  t o  0 .3 4  m o l  d m ~ 3  K C l  o r  K B r .  A  
s i n g l e  c o m p a r t m e n t  c e l l  w a s  u s e d  w i t h  a  c o p p e r  o r  
p l a t i n u m  f o i l  a n o d e .  T h e  p o t e n t i a l  o f  t h e  w o r k i n g  e l e c ­
t r o d e  w a s  m o n i t o r e d  b y  a n  o s c i l l o s c o p e  a g a i n s t  a  
s a t u r a t e d  c a l o m e l  r e f e r e n c e  e l e c t r o d e  c o n n e c t e d  w i t h  
t h e  L u g g i n  c a p i l l a r y  b y  a  s a l t  b r i d g e .  T h e  c e l l  w a s  
c o n t i n u o u s l y  p u r g e d  w i t h  n i t r o g e n  d u r i n g  a l l  e x p e r i ­
m e n t s ,  a n d  t h e r m o s t a t e d  t o  2 5 ° C  ( ± 0 . 5 ° C ) .  A  t r a i n  o f  
s q u a r e  w a v e  p u l s e s  w a s  p r o d u c e d  b y  a  C h e m i c a l  E l e c ­
t r o n i c s  p u l s e  g e n e r a t o r  ( C E  R B I )  a n d  t h e  c u r r e n t  
c o n t r o l l e d  b y  a  p o t e n t i o s t a t  ( T h o m p s o n  A s s o c i a t e s  
1 2 5 ) '  w o r k i n g  i n  a  g a l v a n o s t a t i c  m o d e .  T h e  r a n g e  o f  
p u l s e  p e r i o d s  w a s  0 .5 - 1 0  m s e c ,  a n d  r e l a x a t i o n  t i m e s  o f  
1 0 - 1 0 0 0  m s e c .  F o r  a n a l y s i s  o f  t h e  d e p o s i t e d  l a y e r ,  
p l a t e d  p l a t i n u m  e l e c t r o d e s  w e r e  u s e d .
Analysis of plated layers.— P l a t e d  e l e c t r o d e s  w e r e  
w a s h e d  w i t h  d i s t i l l e d  w a t e r  a n d  d r i e d  i n  a  n i t r o g e n  
a t m o s p h e r e  t o  c o n s t a n t  w e i g h t .  F o r  c o p p e r - p l a t e d
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p l a t i n u m  e l e c t r o d e s ,  t h e  w e i g h t  o f  t h e  i n i t i a l  c o p p e r  
l a y e r  w a s  s u b t r a c t e d  f r o m  t h e  t o t a l  d e p o s i t  w e i g h t .  
T h e  t o t a l  c o p p e r  c o n t e n t  w a s  d e t e r m i n e d  b y  a t o m i c  
a b s o r p t i o n  s p e c t r o s c o p y  o f  a  s o l u t i o n  o b t a i n e d  f r o m  
d i s s o l u t i o n  o f  t h e  d e p o s i t  i n  n i t r i c  a c i d .  C o p p e r  ( I )  
h a l i d e  w a s  d e t e r m i n e d  b y  c a t h o d i c  c o u l o m e t r y  i n  
n i t r o g e n - p u r g e d  s u l f u r i c  a c i d  a t  2 5 °  C .  A  p o t e n t i o s t a t i c  
s t e p ,  O C V  t o  O .I V  (vs. S H E )  f o r  C u C l ,  a n d  t o  — 0 .0 5 V  
f o r  C u B r ,  w a s  a p p l i e d  t o  t h e  c o p p e r  ( I )  h a l i d e  e l e c ­
t r o d e  a n d  t h e  c u r r e n t  m e a s u r e d  w i t h  t i m e .  T h e  c h a r g e  
p a s s e d  a s  C u X  w a s  c a t h o d i c a l l y  r e d u c e d  t o  c o p p e r  a n d  
X ~  ( E q .  [ 1 ] )  g a v e  t h e  a m o u n t  o f  h a l i d e  i n  t h e  e l e c ­
t r o d e
CuX  -1- e -* Cu -t- X - [1]
f o r  X  =  C l ,  Eo = 0 . 1 3 7 V ;  X  =  B r ,  E °  =  0 .0 3 3 V .  A n  
x - r a y  d i f f r a c t i o n  p a t t e r n  o f  t h e  d e p o s i t  w a s  o b t a i n e d  
b y  p l a c i n g  a n  e l e c t r o d e  a t  t h e  f o c a l  p l a n e  o f  a  P h i l l i p s  
d i f f r a c t o m e t e r .  F o r  c o m p a r i s o n ,  t h e  x - r a y  p a t t e r n  o f  a  
c o p p e r  f o i l  w a s  a l s o  r e c o r d e d .
Results
Corrosion of copper in copper(II) halide solutions.— 
F i g u r e s  1 a n d  2  s h o w  t h e  i n c r e a s e  i n  w e i g h t  o f  e l e c ­
t r o d e s  i m m e r s e d  i n  a c i d  c o p p e r  c h l o r i d e  a n d  b r o m i d e  
s o l u t i o n s  h a v i n g  0 .1  m o l  d m ~ 3  a n d  0 .3 4  m o l  d m ~ 3  
h a l i d e .  I t  i s  s e e n  t h a t  t h e  c o r r o s i o n  r a t e  f o r  s o l u t i o n s  
c o n t a i n i n g  b r o m i d e  i n c r e a s e s  w i t h  i n c r e a s i n g  b r o m i d e  
c o n c e n t r a t i o n .  I n  t h e  c a s e  o f  c h l o r i d e ,  t h e  w e i g h t  e v e n ­
t u a l l y  d e c r e a s e s  d u e  t o  d i s s o l u t i o n  o f  C u C l  g i v i n g  
s o l u b l e  c o p p e r  ( I )  c h l o r i d e s ,  t h i s  e f f e c t  b e i n g  g r e a t e r  
a t  h i g h e r  c o n c e n t r a t i o n s .  N o  a c t i o n  o f  s o l u t i o n s  o f  F “  
w a s  n o t e d .  S o l u t i o n s  c o n t a i n i n g  1 “  a n d  C u ^ +  r e a c t e d  
e x t r e m e l y  q u i c k l y  g i v i n g  C u l  a s  a  w h i t e  p r e c i p i t a t e  
w h i c h  e a s i l y  s c a l e d  f r o m  t h e  f o i l .
Pulse Plating in Halide Solutions 
Analysis of deposit.— F o r  a l l  c o n d i t i o n s  o f  p l a t i n g ,  
t h e  w e i g h t  o f  t h e  d e p o s i t  c a l c u l a t e d  f r o m  t h e  t o t a l  
c o p p e r  c o n t e n t  a n d  t h e  a m o u n t  o f  c o p p e r  ( I )  h a l i d e  
a g r e e d  w i t h  t h e  m e a s u r e d  w e i g h t  s h o w i n g  t h a t  t h e
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Fig. 1. Increase in weight (Aw) of a 8  cm2 copper foil immersed 
in acid copper chloride solutions a t  25°C. CuS0 4  =  0.34 mol 
dm “ 2^  H2 SO4  =  1.76 mol dm “ 2 _ q  . KCl =  0.1 mol d m "^ ; #  : 
KCl 0.34 mol dm " 2  Line A is the limiting corrosion rate c a l­
culated from Eq. [5 ] and Fig. 6 .
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Fig. 2. Increase in weight (Aw) of an 8  cm2 copper foil immersed 
in acid copper bromide solutions a t  25°C. CUSO4  =  0.34 mol 
dm ^ 2  H2 SO4  =  1.76 mol dm “ 2, Q  : KBr =  0.1 mol dm “ ^; #  : 
KBr =  0.34 mol d m ~ 2 . Line A is the limiting corrosion rate cal­
culated from Eq. [5 ].
o n l y  s p e c i e s  p r e s e n t  i n  t h e  d e p o s i t  w e r e  C u ,  a n d  C u C l  
o r  C u B r .  T a b l e  I  c o n t a i n s  x - r a y  d a t a  f o r  a  c o p p e r  f o i l ,  
a n d  f o r  f o i l s  c o a t e d  w i t h  C u C l  a n d  C u B r .  F o r  t h e  
c o a t e d  f o i l s ,  a  b a c k g r o u n d  p a t t e r n  o f  t h e  u n d e r l y i n g  
c o p p e r  w a s  a l s o  o b s e r v e d .
Dependence of the formation of CuX on plating 
conditions.— F i g u r e  3  s h o w s  t h e  p e r c e n t a g e  o f  c o p ­
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Fig. 3. Percentage of CuCl in the p lated  deposit as a function 
of relaxation time of the pulse, during pulse plating in acid copper 
chloride solution a t  25°C. CUSO4  =  0.34 mol dm ” ^, H2 SO4  =  
1.76 mol dm~2^ KCl =  0.34 mol dm “ 2 . ^  ; Pulse length =  10 
msec; Q  : Pulse length =  2 msec.
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Table I.
A p ril 1983
Cu CuCl CuBr
d / A iexp Ith h k I d/ A Iexp Ith h k I d/A iexp ItU h k 1
2.065 100 100 1 1 1 3.135 100 100 1 1 1 3.302 100 100 1 1 1
1.807 >800 46 2 0 0 2.722 4 8 2 0 0
1.280 36 20 2 2 0 1.920 44 55 2 2 0 2.021 >800 60 2 2 0
1.090 21 17 3 1 1 1.633 23 30 3 1 1 1.722 50 35 3 1 1
1.243 4 10 3 3 1 1.308 90 10 3 3 1
x-ray diffraction data for copper foil, and for  copper foil coated by pulse-piated CuCl and CuBr. Theoretical intensities from Ref. (10).
p e r  ( I )  c h l o r i d e  i n  t h e  p l a t e  a s  a  f u n c t i o n  o f  r e l a x a t i o n  
t i m e  a t  c o n s t a n t  p u l s e  l e n g t h .  F o r  s t e a d y - s t a t e  p l a t i n g ,  
n o  c o p p e r  h a l i d e s  w e r e  f o u n d  i n  t h e  d e p o s i t .  A  s i m i l a r  
p l o t  i s  g i v e n  f o r  c o p p e r  ( I )  b r o m i d e  i n  F i g .  4  w h i c h  
s h o w s  t h e  i n c r e a s e  i n  p e r c e n t a g e  o f  C u B r  w i t h  b r o ­
m i d e  c o n c e n t r a t i o n .
T h e  e f f e c t  o f  c o n c e n t r a t i o n  o f  C u 2+ a n d  C l "  a t  c o n ­
s t a n t  p u l s e  l e n g t h  a n d  r e l a x a t i o n  t i m e  w a s  s t u d i e d .  
T h e  r e s u l t s  a r e  s h o w n  i n  F i g .  5 .
Discussion
The reaction between copper and copper {II) halides.
 I n  t h i s  s t u d y  w e  h a v e  c o n f i r m e d  t h e  c o r r o s i v e  a c t i o n
o f  h a l i d e  i o n s  i n  c o p p e r  ( I I )  s o l u t i o n s .  T h e  r e a c t i o n  t o  
g i v e  c o p p e r  ( I )  h a l i d e  i s
C u  +  C u 2 +  +  2 X -  -»  2 C u X  [ 2 ]
W e  h a v e  f o u n d  t h a t  t h e  o r d e r  o f  r e a c t i v i t y  o f  h a l i d e s  
t o  E q .  [ 2 ]  i s  F -  <  C l -  <  B r “  <  I " .  T h i s  i s  s u p p o r t e d  
b y  t h e r m o d y n a m i c  d a t a  ( 1 3 )  w h i c h  s h o w s  a  s i m i l a r  
i n c r e a s e  i n  r e d u c t i o n  p o t e n t i a l  f o r  E q .  [ 2 ] ,  E °  =
0 .4 0 1 V ,  0 .6 0 7 V ,  1 .0 4 5 V  f o r  C l " ,  B r ~ ,  a n d  I “ , r e s p e c ­
t i v e l y .  T h e  r e a c t i o n  w i t h  c h l o r i d e  i s  c o m p l i c a t e d  b y  
d i s s o l u t i o n  o f  C u C l  g i v i n g  C u C l 2~ ,  C u C l g ^ - ,  a n d  p o s ­
s i b l y  C u C V " .  T h i s  i s  s e e n  f r o m  F i g .  1 w h e r e ,  o n  i n ­
c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  c h l o r i d e ,  t h e  i n c r e a s e  i n  
t h e  w e i g h t  o f  t h e  f o i l  i s  l e s s  b y  t h e  r e a c t i o n
C u X  - f  X -  C u X g -  [ 3 ]
F o r  X  =  B r ,  d i s s o l u t i o n  o f  C u B r  i s  n o t  s o  i m p o r t a n t .  
T h e  e q u i l i b r i u m  c o n s t a n t  f o r  E q .  [ 3 ]  i s  2 .8  x  10“ 2 f o r  
X  =  C l  a n d  4 .5  x  l Q - 3  f o r  X  =  B r  ( 1 4 ) .  C o n v e r s i o n  
o f  C u B r g -  t o  f u r t h e r  s p e c i e s  i s  a l s o  l e s s  t h e r m o d y ­
n a m i c a l l y  f a v o r a b l e  ( 1 4 ) .
F o r  c h l o r i d e  a n d  iD r o m id e  s o l u t i o n s ,  t h e r e f o r e ,  t h e  
c o r r o s i o n  r a t e  a t  a  f r e s h  c o p p e r  s u r f a c e  i s  g r e a t ,  a n d  
i t  i s  t h i s  f a c t  w h i c h  i s  u s e d  i n  t h e  p u l s e - p l a t i n g  e x p e r i ­
m e n t s .  D u r i n g  t h e  p u l s e ,  a p p r o x i m a t e l y  a  m o n o l a y e r  o f  
c o p p e r  i s  f o r m e d  w h i c h ,  d u r i n g  t h e  r e l a x a t i o n  t i m e ,  
r e a c t s  t o  g i v e  t h e  c o p p e r  ( I )  h a l i d e  b y  E q .  [ 2 ] .  O p t i ­
m u m  p r o d u c t i o n  o f  C u X  o c c u r s  w h e n  t h e  r e l a x a t i o n  
t i m e  i s  s u f f i c i e n t  t o  a l l o w  r e a c t i o n  o f  t h e  m o n o l a y e r  o f  
p l a t e d  c o p p e r ,  b u t  n o t  s o  g r e a t  a s  t o  a l l o w  d i s s o l u t i o n  
o f  t h e  h a l i d e  l a y e r .
The stoichiometry of the reaction forming CuCl and 
CuBr during pulse plating.— N o t i n g  t h a t  f o r m a t i o n  o f  
C u X  o c c u r s  o n l y  i n  t h e  r e l a x a t i o n  t i m e  o f  t h e  p u l s e  b y  
c o r r o s i o n  o f  t h e  n e w l y  p l a t e d  c o p p e r ,  i t  i s  p o s s i b l e  t o  
o b t a i n  t h e  s t o i c h i o m e t r y  o f  t h e  r e a c t i o n  w i t h  r e s p e c t  
t o  c o p p e r  a n d  h a l i d e  i o n  a n d ,  t h u s ,  c o n f i r m  t h a t  E q .  [ 2 ]  
i s  i n d e e d  o f  t h e  r e a c t i o n  w h i c h  p r o d u c e s  C u X .  A n a l y s i s  
o f  t h e  l a y e r s  f o r m e d  g i v e s  t h e  t o t a l  c o p p e r  c o n t e n t  a n d  
t h e  t o t a l  w e i g h t  o f  t h e  d e p o s i t .  T h e  t o t a l  c h a r g e  p a s s e d  
i s  a l s o  k n o w n ,  a n d  b y  c o u l o m e t r y  o f  t h e  r e d u c t i o n  o f  
C u X ,  t h e  a m o u n t  o f  C u X  m a y  b e  d e t e r m i n e d .  E x p e r i ­
m e n t s  h a v e  e s t a b l i s h e d  t h a t  i n  s t e a d y - s t a t e  p l a t i n g  
u n d e r  t h e  s a m e  c o n d i t i o n s ,  100%  c u r r e n t  e f f i c i e n c y  f o r
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Fig. 5. W eight of CuCl deposited (W cuC i) a t different Cu2+ and 
C |— concentrations a t 25°C. H2 SO4 =  0.34 mol dm pulse 
length =  10 msec, relaxation time =  90 msec. Duration of plating 
=  103 min. Q  : Cl“  =  0.05 mol dm“ 3; #  : C l“  =  0.10 mol 
d m -3 ; C l-  =  0.20 mol d m -3 ; X :  C |-  =  0.34 mol dm 3.
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p l a t i n g  c o p p e r  i s  o b t a i n e d .  I f  t h e  t o t a l  c h a r g e  p a s s e d  
d u r i n g  p l a t i n g  i s  Q c o u l o m b s ,  t h e  c o p p e r  d e p o s i t e d  i s  
Q / 2 F  g  a t o m s  w h e r e  F  i s  t h e  F a r a d a y .  I f  Q a  c o u l o m b s  
a r e  p a s s e d  d u r i n g  r e d u c t i o n  o f  C u X  ( m o l e c u l a r  w e i g h t  
M c u x ) ,  t h e  a m o u n t  o f  C u X  f o r m e d  i s  Q a / F  m o l .  L e t  a g  
a t o m  o f  C u °  r e a c t  w i t h  1 g  a t o m  o f  X ~  d u r i n g  t h e  f o r ­
m a t i o n  o f  C u X .  T h e r e f o r e ,  t h e  a m o u n t  o f  c o p p e r  r e ­
m a i n i n g  a f t e r  t h i s  r e a c t i o n  i s  ( Q / 2 F  —  o Q a / F )  g  a t o m .  
T h e  t o t a l  w e i g h t  ( W x )  o f  t h e  d e p o s i t  i s ,  t h e r e f o r e
W x  =  ( Q / 2F  —  û Q a / F )  x  6 3 .5 4  M c u x  X  Q 2/ F  [ 4 ]
a n d  t h u s ,  a m a y  b e  f o u n d  f r o m  t h e  m e a s u r e d  w e i g h t .  
R e s u l t s  d u r i n g  p u l s e  p l a t i n g  i n  c o p p e r  c h l o r i d e  g a v e  
a = 0 .5 1  ±  0 .0 3  ( f r o m  1 2  e x p e r i m e n t s )  a n d  f o r  c o p p e r  
b r o m i d e  a =  0 .4 9  ±  0 .0 5  ( f r o m  6 e x p e r i m e n t s ) .  T h i s  
t r e a t m e n t  i s ,  t h e r e f o r e ,  i n  a g r e e m e n t  w i t h  a  m e c h a ­
n i s m  i n  w h i c h  r e a c t i o n  o c c u r s  d u r i n g  t h e  o f f  t i m e  o f
t h e  p u l s e  a c c o r d i n g  t o  E q .  [ 2 ] .
Calculation of corrosion rates.— T h e  r a t e  o f  c o r r o s i o n  
a t  a  f r e s h  c o p p e r  s u r f a c e  m a y  b e  d e t e r m i n e d  f r o m  t h e  
f o r m a t i o n  o f  t h e  c o p p e r  ( 1)  h a l i d e  a t  d i f f e r e n t  r e l a x a ­
t i o n  t i m e s .  I f  c o n d i t i o n s  a r e  c h o s e n  s u c h  t h a t  c o n v e r ­
s i o n  t o  C u X  i s  l o w ,  a  c o n s t a n t  c o r r o s i o n  r a t e  m a y  b e  
a s s u m e d .  L e t  n c u  m o l  m ~2  o f  c o p p e r  b e  p l a t e d  d u r i n g  
t h e  p e r i o d  o f  t h e  p u l s e  T o n  s e c ,  a t  a  c u r r e n t  d e n s i t y  i  A  
m ~ 2. T h e r e f o r e
n c u  =  T o n i / 2 F  [ 5 ]
A t  a  c o r r o s i o n  r a t e  o f  C  m o l  s e c ~ ^  m ~2  d u r i n g  t h e
r e l a x a t i o n  p e r i o d ,  T o ff , n c u x  m o l  m “ 2 a r e  f o r m e d ,  i . e . ,  
# C u X  =  C T o f f .  T h u s
W c u x /w c u  =  C / ( i / 2 F )  X  ( T o f f / T o n ) [6]
T h e  r a t i o  ncuxMcu c a l c u l a t e d  f o r  a  s i n g l e  p u l s e  a p p l i e s  
e q u a l l y  t o  a n y  n u m b e r  o f  p u l s e s .  A  p l o t  o f  n c u x / ^ ^ c u  
a g a i n s t  T o f f / T o n  s h o u l d  g i v e ,  f r o m  i t s  l i m i t i n g  s l o p e  a t  
l o w  r e l a x a t i o n  t i m e s ,  a  v a l u e  f o r  t h e  c o r r o s i o n  r a t e  C .  
F i g u r e  6 s h o w s  s u c h  a  p l o t  f o r  t h e  c o r r o s i o n  o f  c o p p e r  
i n  0 .3 4  m o l  d m - 3  C U S O 4 a n d  0 .3 4  m o l  d m - 3  k C I .  T h e  
l i m i t i n g  c o r r o s i o n  r a t e  i s  1.10  x  10 " ^  m o l  m “ 2 s e c - i ,  
w h i c h  i n  t e r m s  o f  t h e  i n c r e a s e  i n  w e i g h t  o f  a  8 c m 2 
c o p p e r  f o i l  i s  0 .3 5 6  m g  m i n - i .  T h i s  r a t e  i s  d r a w n  i n
075
05
025
00
20 30
Fig. 6 . Ratio of CuCl ( n c u C i / m o l )  formed in the relaxation time 
(Toff) to copper plated ( n c u / m o l )  during the pulse (Ton), as a 
function of Toff/Ton a t  25°C. CuSOj =  0.34 mol dm~3^ H2 SO4  
=  1.76 mol d m -3 , KCI =  0.34 mol d m -3 . q . Pulse length =  10 
msec; #  : Pulse length =  2 msec.
F i g .  1 a s  l i n e  A .  I t  i s  s e e n  t h a t  t h e  r a t e  o f  c o r r o s i o n  
b y  c h l o r i d e  s t a y s  c l o s e  t o  t h e  l i m i t i n g  v a l u e  f o r  s e v e r a l  
m i n u t e s  u n t i l  t h e  e f f e c t  o f  d i s s o l u t i o n  b e c o m e s  i m p o r ­
t a n t .  A  s i m i l a r  p l o t  f o r  c o r r o s i o n  i n  b r o m i d e  s o l u t i o n  
g a v e  C  =  9 .3 0  X  1 0 - ^  m o l  m -2  s e c - \  o r  4 .9 7  m g  m i n - i  
f o r  a n  8 c m 2 f o i l  ( l i n e  A  i n  F i g .  2 ) .  T h u s ,  f o r  t h o s e  
m e t a l s  w h i c h  m a y  b e  p l a t e d  f r o m  s o l u t i o n ,  t h e  p u l s e  
p l a t i n g  m e t h o d  m a y  b e  u s e d  t o  g i v e  a c c u r a t e  v a l u e s  
f o r  c o r r o s i o n  r a t e s  a t  f r e s h  m e t a l  s u r f a c e s .
Reactions occurring during pulse plating.— T h e  a n a l ­
y s i s  o f  t h e  p r o c e s s e s  a b o v e  a s s u m e s  t h a t  d u r i n g  t h e  
p u l s e  c o p p e r  a l o n e  i s  d e p o s i t e d  b y
C u 2 +  e  C u  + 
C u +  4 - e - >  C u
[7]
[8]
w h e r e  C u 2+ a n d  C u +  m a y  b e  c o m p l e x e d  b y  h a l i d e  
i o n ,  a n d  t h a t  t h e  r e a c t i o n  i n  t h e  r e l a x a t i o n  t i m e  i s  
g i v e n  b y  E q .  [ 2 ] .  T h e  p o t e n t i a l  a t  t h e  e l e c t r o d e  d u r i n g  
p u l s e  p l a t i n g  ( 1 5 0 - 2 0 0  m V  vs. S H E )  a l l o w e d  c o p p e r  
d e p o s i t i o n  t o  t a k e  p l a c e ,  b u t  w a s  n o t  s u f f i c i e n t  t o  r e s u l t  
i n  r e d u c t i o n  o f  t h e  c o p p e r  ( 1 ) h a l i d e  v i a  t h e  r e a c t i o n  
g i v e n  b y  E q .  [ 1 ] .  N o  e v i d e n c e  w a s  f o u n d  f o r  t h e  d i r e c t  
r e d u c t i o n  o f  C u 2+ i n  t h e  p r e s e n c e  o f  h a l i d e  i o n
C u 2+  +  X -  +  e ->  C u X [9]
Orders of reaction with respect to C u 2 +  and X ~ .—  
T h e  c o r r o s i o n  E q .  [ 2 ] ,  w h i c h  p r o d u c e s  c o p p e r  (1 )  
h a l i d e ,  m a y  b e  w r i t t e n  a s  a  p a i r  o f  r e d o x  r e a c t i o n s  o f  
w h i c h  E q .  [ 9 ]  i s  t h e  r e d u c t i o n ,  a n d
C u  +  X ~  - »  C u X  +  e [10]
I f  E q .  [ 1 0 ]  i s  r a t e  l i m i t i n g ,  f o r  a  r e a c t i o n  a t  a  m o n o ­
l a y e r  o f  c o p p e r  w h i c h  d o e s  n o t  i n v o l v e  d i f f u s i o n ,  t h e  
r e a c t i o n  w o u l d  b e  e x p e c t e d  t o  b e  f i r s t  o r d e r  i n  h a l i d e  
a n d  z e r o  o r d e r  i n  C u 2+ .  F i g u r e  5  s h o w s  t h a t  t h e  p r o ­
d u c t i o n  o f  C u C l  i s  i n f l u e n c e d  m o r e  b y  c h l o r i d e  c o n ­
c e n t r a t i o n  t h a n  c o p p e r  c o n c e n t r a t i o n ,  b u t  t h a t  i t  is  
n o t  p o s s i b l e  t o  d e t e r m i n e  e x a c t '  r e a c t i o n  o r d e r s .  A s  
C u 2 + ,  C u  +  , a n d  C l ~  a r e  c o m p l e x e d ,  a  s e r i e s  o f  r e a c ­
t i o n s  i n v o l v i n g  C u C l + ,  C u C l a ,  C U C I 3- ,  'C U C I 42- ,  a n d  
C u C l g - ,  C U C I 32- ,  C U C I 43-  w o u l d  n e e d  t o  b e  c o n ­
s i d e r e d  f o r  a  f u l l  a n a l y s i s  o f  t h e  s y s t e m .
Structure of the copper halide deposits.— T h e  c o p p e r  
f o i l  e l e c t r o d e s  u s e d  i n  t h i s  w o r k  w e r e  o r i e n t e d  a l o n g
Cu Cu Cu Cu Cu
Cu Cu Cu Cu
Cu Cu Cu
( a )
Cu Cu Cu Cu
Br" Br"
Br Br
Cu' Cu' CuCu
( b )
Fig. 7. (a) {200} plane of copper, (b) {220} plane of copper (I) 
bromide.
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t h e  { 2 0 0 }  p l a n e .  F r o m  t h e  x - r a y  r e s u l t s ,  c o p p e r  b r o ­
m i d e  a p p e a r s  t o  h a v e  b e e n  d e p o s i t e d  w i t h  t h e  {220} 
p l a n e  u p p e r m o s t .  C o p p e r  c r y s t a l l i z e s  i n  a  f a c e - c e n ­
t e r e d  c u b i c  a r r a n g e m e n t  w i t h  a  u n i t  c e l l  l e n g t h  o f  
3 .6 1 5 A  ( 1 0 ) .  T h e  { 2 0 0 }  p l a n e  o f  c o p p e r  i s  s h o w n  i n  F i g .  
7 a .  C o p p e r  b r o m i d e  e x h i b i t s  a  z i n c  b l e n d e  s t r u c t u r e  i n  
w h i c h  c o p p e r  i s  f o u n d  i n  t e t r a h e d r a l  h o l e s  f o r m e d  b y  
b r o m i d e  i o n s  w i t h  a =  5 . 6 9 1 Â  ( 1 1 ) .  F i g u r e  7b  g i v e s  
t h e  { 2 2 0 }  p l a n e  o f  C u B r  i n  w h i c h  t h e  r a d i u s  o f  C u  + 
a n d  B r "  a r e  0 .9 6  a n d  1 .9 6 Â ,  r e s p e c t i v e l y  ( 12) .  I t  i s  
s e e n  t h a t  t h e  C u - C u  d i s t a n c e  i n  t h e  x  d i r e c t i o n  o f  t h e  
t w o  p l a n e s  i s  s i m i l a r  ( 3 . 6 Â  i n  c o p p e r  a n d  3 .9 A  i n  c o p ­
p e r  ( I )  b r o m i d e ) ,  a n d  t h u s ,  a  C u B r  l a t t i c e  m a y  b e  
b u i l t  u p  b y  t h e  i n s e r t i o n  o f  b r o m i d e  i o n s  w i t h  a  l i m i t e d  
r e l a x a t i o n  o f  c o p p e r  i o n s  f r o m  t h e  u n d e r l y i n g  l a t t i c e .  
S u c h  a n  o b v i o u s  o r i e n t a t i o n  i s  n o t  s e e n  w i t h  C u C l ,  a l ­
t h o u g h  g e o m e t r i c a l l y  t h e  s a m e  c o n s i d e r a t i o n s  a p p l y .  
D i s s o l u t i o n  o f  C u C l  a s  C u C l g -  m a y  r e s u l t  i n  t h e  r e ­
o r g a n i z a t i o n  o f  t h e  C u C l  l a y e r s .
The production of seawater battery anodes.— P u l s e  
p l a t i n g  m a y  b e  a  u s e f u l  m e t h o d  f o r  t h e  p r o d u c t i o n  o f  
c o p p e r  c h l o r i d e  a n o d e s  f o r  r e s e r v e  s e a w a t e r  b a t t e r i e s .  
C o n t r o l  o f  p l a t i n g  c o n d i t i o n s  c a n  p r o d u c e  a  n e a r l y  p u r e  
C u C l  d e p o s i t  o f  a n y  r e q u i r e d  t h i c k n e s s  a n d  d i s c h a r g e  
c a p a c i t y .  A  s m a l l  a m o u n t  o f  c o p p e r  i n  t h e  l a y e r  g i v e s  
t h e  a n o d e  c o n d u c t i v i t y  w h i c h  i s  a n  a d v a n t a g e  f o r  
s u c h  e l e c t r o d e s .
M a n u s c r i p t  s u b m i t t e d  A u g .  9 ,  1 9 8 2 ;  r e v i s e d  m a n u ­
s c r i p t  r e c e i v e d  N o v .  1 6 ,1 9 8 2 .
A n y  d i s c u s s i o n  o f  t h i s  p a p e r  w i l l  a p p e a r  i n  a D i s ­
c u s s i o n  S e c t i o n  t o  b e  p u b l i s h e d  i n  t h e  D e c e m b e r  1 9 8 3  
J o u r n a l . A l l  d i s c u s s i o n s  f o r  t h e  D e c e m b e r  1 9 8 3  D i s ­
c u s s i o n  S e c t i o n  s h o u l d  b e  s u b m i t t e d  b y  A u g .  1 , 1 9 8 3 .
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